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ABSTRACT 
Recent years have seen a push to provide a fast, sensitive, and quantitative diagnostic tool 
for biomedical applications. A search for new methods that can perform label-free and 
bond-specific determination of tissue and disease types with high spatial resolution is 
much desired. To address these needs, we have developed a mid-infrared photothermal 
system for sensitive and non-destructive characterization of samples. Our system utilizes 
a mid-infrared pump with a near-infrared probe for label-free spectroscopy and high 
spatial resolution imaging. In particular, this research focuses on optimization of the 
photothermal system, exploration of novel nonlinear photothermal phenomena, and 
development of a sub-diffraction limited mid-infrared imaging system. 
Photothermal spectroscopy is a pump-probe technique that utilizes a thermal lens 
effect in the sample for contrast. With the use of a high brightness mid-infrared pump 
laser, we extend photothermal spectroscopy into the mid-infrared regime for sensitive 
detection with high signal contrast. Targeting vibrational modes intrinsic to the sample 
allows for label-free characterization. Use of a fiber laser probe provides improved 
spatial resolution and takes advantage of the well-developed detector technology at near-
infrared wavelengths. 
 vi 
The research presented will be divided into three parts: optimization of the 
photothermal system, investigation of novel nonlinear photothermal phenomena, and 
photothermal spectroscopy and imaging for biomedical applications. Optimization of 
fiber laser design and experimental setup results in >100x increase in signal strength and 
over an order of magnitude improvement in signal contrast. With an optimized system, 
linear and nonlinear mid-infrared photothermal spectroscopy of a liquid crystal sample is 
demonstrated. For the first time, multiple bifurcations are reported in the nonlinear 
regime, shedding insight on the photothermal laser-matter interaction across phase 
transitions of a liquid crystal sample. Using a raster-scanning approach, sub-diffraction 
limited mid-infrared imaging is demonstrated. With this technique, various tissue types 
within the brain can be distinguished from one another, including differentiation between 
healthy and tumor tissue. Hyperspectral imaging of biological tissues demonstrates the 
potential of this technique to combine both spectral and spatial information for sample 
characterization. We present a photothermal system with the potential to meet the 
demands in drug and food safety, environmental monitoring, biomedicine, and security.
  vii 
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1. Background & Motivation 
 
1.1 Photothermal Technique 
 
Photothermal spectroscopy is a pump probe method in which two laser beams, each at a 
different wavelength, are utilized. In the ideal case, the pump beam operates in a 
wavelength region where the sample under investigation has a high absorbance with 
minimal absorbance at the probe beam wavelength. Absorption of the pump beam by the 
sample results in a laser-induced change in the temperature of the sample within the 
localization of the beam. This change in temperature results in a change in the local 
refractive index, forming a thermal lens. A schematic of the photothermal effect is shown 
in Figure 1 where the laser-induced change in refractive index is referred to as the 
formation of a thermal lens. In transmission/reflection mode, forward/back scatter of the 
probe beam due to the change in refractive index is recorded as the photothermal signal, 
respectively. For a modulated pump, the thermal lens and the probe scatter will be 
modulated at the corresponding frequency and can easily be isolated using a lock-in 
amplifier synchronized to the pump beam modulation frequency. 
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Figure 1. Principles of photothermal spectroscopy. A modulated pump 
beam is absorbed by the sample, resulting in the formation of a thermal 
lens. The probe beam is scattered as it passes through the thermal lens. 
The modulated probe beam scatter is measured as the photothermal signal. 
 
For a point absorber, the time-dependent induced change in temperature can be 
written as 
 
 ( , ) 1 exp cos
4
abs heat
th th
I r r
T r t t
r r r


    
        
    
  (1.1.1) 
 
where σabs is the absorption cross section of the object and Iheat is the intensity of the 
pump beam  [1]. The characteristic heat diffusion length, 2 /
th p
r C   , is dependent 
on the thermal conductivity of the material, κ, the modulation frequency of the pump 
beam, Ω, and the heat capacity of the material, Cp. The corresponding change in 
refractive index due to the laser-induced change in temperature is 
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 [2,3]. The induced thermal lens can be approximated as a dipole, where the photothermal 
signal is the scattered field due to the interaction between the probe beam and this 
‘dipole’. The photothermal signal can be expressed as an optical power 
 
 
2
0
1 1
abs
heat probe
p probe
n
S n P P t
w T C A

 

 
 
  (1.1.3) 
 
Where 0  is the radius of the probe beam waist and Δt is the lock-in integration time. 
In the visible and near-infrared (near-IR) regime, photothermal spectroscopy 
shown the ability for sensitive detection with high signal contrast down to the single 
molecule [2,4–6] level. Imaging of biological samples such as heme proteins [7], 
mitochondria [8], and live cells [9] have been demonstrated. Extending the potential of 
photothermal spectroscopy and imaging beyond the linear regime, several nonlinear 
approaches such as increasing the pump power to excite a nonlinear photothermal 
response [10–12], two-photon absorption of the pump beam [7] and analysis of higher 
order harmonic photothermal signals [13–16] have been combined with photothermal 
spectroscopy to enhance signal contrast and increase spatial resolution. 
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1.2 Mid-Infrared Spectroscopy 
 
 
Figure 2. Schematic of vibrational modes of in the fingerprint region. The 
mid-IR region of interest is roughly between 3 µm and 8 µm. 
 
Spectroscopy in the mid-infrared (mid-IR) is of particular interest due to the large 
number of vibrational and normal modes that exist in what is known as the ‘fingerprint’ 
region. The ‘fingerprint’ region in Figure 2 shows the mid-IR region (roughly between 
3 µm to 8 µm) where many chemical and biological markers exist. Targeting the normal 
and vibrational modes within the information-rich ‘fingerprint region’ allows functional 
group-specific detection without the use of exogenous labels or stains. Applications of 
mid-IR photothermal spectroscopy include analysis of potentially hazardous chemical 
samples [17,18] and microscopic characterization of biological samples. Additionally, 
information on secondary protein structure may be obtained by targeting known protein 
markers [19–23]. The capability for label-free bond-specific characterization in the mid-
IR has led to the development of many powerful techniques for mid-IR spectroscopy. 
Many of these techniques, such as Fourier Transform Infrared spectroscopy (FTIR) and 
Raman spectroscopy have been well-developed and translated into commercially 
available spectrometers. Each technique comes with its own strengths and limitations. 
For instance, FTIR has long been considered the gold-standard in IR spectroscopy, 
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providing reliable data in commercial settings and recently. However, FTIR faces the 
limitation of low spatial resolution (due to the diffraction limit of IR wavelengths), a 
trade-off between high spectral resolution and a compact setup (it requires a long path 
length to achieve high spectral resolution), and the use of mid-IR detectors which require 
external cooling mechanisms. However, the large commercial interest in FTIR units has 
also lent the technology to adaptations to improve on its performance metrics, such as the 
combination of FTIR and atomic force microscopy (AFM) to achieve sub-micron spatial 
resolution. A more recently developed method, Raman spectroscopy allows the use of 
beams at any wavelength to probe Raman shifts that occur due to vibrational modes in 
the mid-IR region. This allows users to potentially avoid environmental effects such as 
water vapor absorption, which is prevalent in the mid-IR region. However, the signal 
strength obtained in traditional Raman spectroscopy is usually small, since the technique 
relies on the scattering cross-section of the sample, opposed to the absorption cross-
section which often times can be > 10 orders of magnitude larger. In response to this, 
nonlinear Raman techniques have been developed to further improve and expand the 
capability of Raman spectroscopy. 
The development of a photothermal spectroscopy and imaging system seeks to 
extend the capability of research conducted in the mid-IR. Compared to traditional FTIR 
methods, photothermal spectroscopy can achieve higher spatial resolution, beating the 
diffraction limit of the mid-IR beam. Additionally, a careful choice of probe laser can 
circumvent the need for cryogenically cooled detectors operating in the mid-IR. Signal in 
the photothermal technique is related to the absorption cross-section, rather than the 
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scattering cross-section, of a sample and therefore can lead to higher signal levels and 
improved sensitivity compared to traditional Raman spectroscopy. The photothermal 
technique is an indirect measurement of the sample absorbance through the formation of 
a thermal lens. This leads to a novel optical technique for characterization of thermal 
properties of samples not previously studied. Unlike other spectroscopic and imaging 
methods, mid-IR photothermal spectroscopy is a non-destructive and contactless method 
that does not have toxicity concerns and does not suffer from bleaching or quenching 
effects.  
 
 
1.3 Mid-Infrared Photothermal Spectroscopy and Imaging 
 
Recent developments in QCL technology [24,25] have allowed them to exceed the 
spectral brightness of globar and even synchrotron sources, making them a desirable 
tabletop mid-IR source for high contrast spectroscopy and imaging applications. These 
developments have allowed researchers to extend photothermal principles into the mid-
IR [26,27], leading to label-free photothermal spectroscopy and imaging techniques. 
Recent work has shown the ability to perform photothermal imaging in the mid-infrared 
with sub-micron spatial resolution as well as the capability for studying biological 
samples in a label-free manner [28]. 
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1.4 Fiber Lasers 
 
An important factor in designing the photothermal system is the choice of probe laser. In 
recent years, fiber technology (especially erbium- and ytterbium-doped fiber lasers) has 
seen important developments, making fiber lasers a desirable laser source. Fiber lasers 
utilize a gain medium consisting of silica fiber doped with a rare earth element, allowing 
for an all-fiber laser cavity. This leads to a compact laser system that requires minimal 
free space alignment and is therefore less sensitive to environmental perturbations 
compared to free-space lasers, making it a stable and robust laser source. A custom fiber 
laser system is chosen so that different probe laser properties on the photothermal signal 
could be studied. An erbium-doped fiber laser (EDFL) system operating in the near-IR is 
chosen. Additionally, the large number of commercially available and affordable 
components operating at 1550 nm, the typical wavelength of an EDFL, allows flexibility 
in the design and operation of the custom-built fiber laser probe. 
 EDFLs typically operate near 1550 nm at the peak of the erbium emission 
spectrum. A custom-built laser allows for the center wavelength of the laser emission to 
be varied (within the emission spectrum of erbium) to minimize absorption by the 
sample. Additionally, the fiber laser can operate in both continuous wave (cw) and pulsed 
modes with the cavity design dictating the center wavelength and the output power. In the 
pulsed operation, the repetition rate, pulse duration, and emission bandwidth can also be 
varied. An increase in the fiber laser output power can achieved by the addition of 
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erbium-doped fiber amplifiers (EDFAs) which can be easily integrated into the probe 
system. 
 The EDFL probe allows for turn-key operation with minimal free-space 
alignment. Compared to free-space laser cavities, fiber lasers are less sensitive to 
environmental perturbations. Working with a near-IR probe allows for eye-safe operation 
of the photothermal system as well as the use of sensitive and fast near-IR detectors that 
operate at room temperature, unlike mid-IR detectors that usually require a trade-off 
between sensitivity, speed, and the need for external cooling mechanisms. Overall, the 
custom-built EDFL probe is a cost-effective laser source with robust performance metrics 
suited for use as a probe laser in our photothermal system design. 
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2. Experimental Details 
 
2.1 Photothermal Setup 
 
 
Figure 3. Schematic of the photothermal system. QCL pump and fiber 
laser probe are combined at a dichroic mirror (DM) and focused onto the 
sample by an objective lens. Forward scatter of the probe beam is 
measured by an InGaAs photodetector. The photothermal signal is 
amplified by a pre-amplifier and isolated using a lock-in amplifier. 
 
Figure 3 shows a schematic of the photothermal experimental setup. A high brightness 
QCL (TLS-41060-016, Daylight Solutions), tunable from 1575 cm-1 to 1745 cm-1, serves 
as the pump laser. It is pulsed at a repetition rate of 100 kHz with a 500 ns pulse duration, 
corresponding to a 5 % duty cycle. A custom-built fiber laser probe amplified by erbium-
doped fiber amplifiers operating at 1606 nm serves as the probe. The pump and probe 
lasers are combined at a dichroic mirror and collinearly focused onto the sample by a 
ZnSe objective (LFO-5-6, Innovation Photonics). The collection optics are optimized for 
collection of the probe beam. The probe beam is focused onto an amplified InGaAs 
photodetector (ET3000A, EOTech). Signal from the photodetector is amplified by a low-
noise preamplifier (SR560, Stanford Research Systems) and the photothermal signal is 
isolated using a lock-in amplifier (HF2LI, Zurich Instruments) synchronized to the QCL 
repetition rate. 
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2.1.1 Experimental Setup 1 
 
 
Figure 4. Schematic of the photothermal system alignment. Green, red, 
and orange lines indicate the fiber laser probe beam path, the QCL pump 
beam path, and the combined path of the pump and probe beams, 
respectively. M = mirror. DM = dichroic mirror. M7 and M8 comprise a 
periscope to raise the beam. M9 is situation within the Nikon microscope 
housing. CL = collecting lens. CL1 (C-coated, f = 50mm) is used to 
collimate the probe beam scatter. CL2 focuses the probe beam onto the 
InGaAs photodetector.  
 
Figure 4 shows the optical alignment in the original experimental setup. A collecting lens 
with a focal length of 50 mm is used. A C-coated collecting lens is used to minimize 
probe beam reflection at the optical component. In this configuration, the EDFL is 
amplified by two stages of EDFA in order to deliver enough probe power at the 
photodetector for good photothermal signal strength. 
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Figure 5. Pictures of the photothermal experimental setup. Optics after the 
objective lens are shown in (a). Free-space optics for the QCL and FL are 
shown in (b). 
 
 
2.1.2 Experimental Setup 2 
 
Figure 6 shows a new optical alignment with a slight modification to the collection 
optics. A new collecting lens with a shorter focal length of 25.4 mm is used to collect 
more of the probe beam scatter. The collecting lens is C-coated to minimize probe beam 
reflection at the optic. The length of the detection arm is shortened to reduce losses and 
maximize the probe power at the photodetector. With an improved alignment procedure 
for the free space alignment before the sample plane, the free-space losses before the 
sample plane are also reduced. Both of these changes have resulted in the need for only 
one stage of amplification after the EDFL, opposed to the two stages of amplification 
used in the original optical alignment (shown in Figure 4). 
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Figure 6. Schematic of the second optical alignment. The detection arm is 
shortened and lens with a shorter focal length than the original alignment 
is used as CL1 (25.4 mm compared to the original focal length of 50 mm).  
 
 
2.1.3 Experimental Setup 3 
 
In a third reconfiguration of the photothermal system, two additional mirrors and two 
lenses were added in the probe beam path (before M3) in order to improve the 
photothermal imaging resolution. The two lenses serve to expand the probe beam to 
optimize the filling ratio of the back focal plane of the objective, leading to a smaller 
beam width at the focal plane. The probe beam waist is estimated to be between 3 µm 
and 4 µm in diameter, compared to the previous probe beam waist diameter of ~10 µm in 
experimental setup 2 and 3. Some data acquired using this experimental configuration 
were obtained using a commercial fiber laser (JDS Uniphase J546-LSI-1001, In-Phase 
Technologies Inc.) and commercial EDFA unit (AEDFA-IL-23-B-FA, Amonics). 
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2.1.4 Challenges 
 
As with any experimental setup, implementing a photothermal spectroscopy and imaging 
system has its own challenges. One of the biggest challenges was combining two very 
different wavelengths in the same optical system. The first problem is in finding suitable 
optics to combine and focus the beams with minimal loss. The dichroic mirror utilized in 
the presented system has relatively low loss for the mid-IR pump (~ 5 %) beam but 
experiences high loss for the near-IR probe laser (~ 75 %). The ZnSe objective is chosen 
for its ability to transmit both near- and mid-IR light. However, not only are the losses 
through the objective lens non-negligible (~ 70 % for the mid-IR beam and ~ 33 % for 
the near-IR beam), the focal lengths of the two different beams are different due to their 
different wavelengths. The matter of combining and working at two different 
wavelengths is non-trivial. To circumvent the challenges discussed above, the use of 
additional erbium-doped fiber amplifiers (EDFAs) to generate enough output power for 
the probe beam to overcome the losses in the system was necessary. Additionally, the 
axial position of the sample plane was determined by finding the maximum photothermal 
signal response, which is an optimization that involves overlap of the pump and probe 
beams along the z-direction. 
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2.2 Fiber Laser Probe 
 
Figure 7 shows a schematic of the custom-built fiber laser probe which comprises of a 
fiber laser cavity and two stages of erbium-doped amplifiers (EDFAs). The erbium-doped 
gain fiber in the laser cavity is pumped by a 976 nm diode in a counter-pump 
configuration. A 90 % reflective output coupler (OC) makes up one end of the laser 
cavity, allowing 10 % of the laser emission to be coupled out of the laser cavity. Use of 
the output coupler allows complete transmission of the pump light into the laser cavity. 
At the other end of the laser cavity is a mirror or saturable Bragg reflector (SBR), used in 
continuous wave or pulsed operation, respectively. A wavelength division multiplexer 
(WDM) is used to allow 976 nm light to enter the laser cavity and the laser emission (at 
around 1550 nm) to exit the cavity. 
 
 
Figure 7. Schematic of the fiber laser probe. Three 976 nm diodes pump 
the fiber laser cavity and the two erbium-doped amplifiers (one each). The 
fiber laser can operate in continuous wave or pulsed mode with the use of 
a mirror or a saturable Bragg reflector (SBR). The fiber laser output can be 
amplified by multiple stages of erbium-doped amplifiers (two shown 
here). 
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 The laser output can be easily amplified through a straightforward integration of 
multiple stages of all-fiber EDFAs. The EDFAs are each designed for dispersion 
compensation for pulse mode operation. Each EDFA is counter-pumped by a 976 nm 
diode, as shown in Figure 7. To achieve the necessary population inversion in the gain 
fiber, a pump current of 1000 mA is used. A mechanical attenuator is used at the probe 
output to vary the probe power and achieve the desired output power. 
 By using erbium-doped gain fiber, the emission of the probe laser is in the near-
infrared (near-IR), an eye-safe region that is far removed from the mid-IR region of 
spectroscopic interest. The emission wavelength can be tuned (within the emission curve 
of the gain medium) by varying the length of the gain fiber to re-absorb some of the 
emitted laser light in order to push the laser emission to longer wavelengths. This allows 
fiber for wavelength tuning to minimize sample absorption of the probe beam. The use of 
a near-IR probe laser allows measurement of a mid-IR spectrum through the use of 
sensitive detectors that do not require external cooling mechanisms. Two fiber laser 
probes are used in the photothermal studies presented in this thesis: a continuous-wave 
(cw) laser and a pulsed laser. 
 
 
2.2.1 Continuous Wave Erbium Doped Fiber Laser 
 
The cw laser is shown in Figure 8a. For cw operation, a silver mirror which acts as one 
end of the laser cavity. The cw laser output is centered around 1606 nm and has a 
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bandwidth of 0.85 nm, as shown in the optical spectrum in Figure 8b. The cw laser has an 
output power of 30 mW which can be increased to 60 mW and 84 mW with one and two 
stages of amplification, respectively. 
 
 
Figure 8.Image and optical spectrum of the continuous wave fiber laser. 
(a) Continuous wave fiber laser cavity. (b) Optical spectrum of the 
continuous wave fiber laser output showing a center wavelength of 
1606 nm and a bandwidth of 0.85 nm. 
 
 
2.2.2 Mode-locked Erbium Doped Fiber Laser 
 
An ultrafast fiber laser with emission at 1560 nm and a repetition rate of 1.04 GHz is 
used for pulsed mode operation. The ultrafast mode-locked laser (MLL), shown in 
Figure 5a, has a ~10 cm gain fiber and utilizes an SBR for self-starting mode-
locking [29]. The optical spectrum of the MLL output (see Figure 5b) shows a bandwidth 
of 7.3 nm, corresponding to a transform-limited pulse duration of 353 fs. Figure 9c shows 
the radio frequency (RF) spectra of the MLL output, indicating a repetition rate of 
1.04 GHz. Polarization evolution frequencies of the vector soliton state are observed as 
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side peaks around the fundamental frequency in Figure 9d. Due to their reduced intensity 
compared to the main peak, they do not affect the peak-to-peak intensity of the pulse 
train. 
 
 
Figure 9. Image, optical spectrum, and RF spectrum of the mode-locked 
fiber laser. (a) Cavity of the mode-locked laser. (b) Optical spectrum of 
the mode-locked laser output shows a center wavelength of 1560 nm and a 
bandwidth of 7.3 nm, corresponding to a transform-limited pulse duration 
of 353 fs. (c) Radio frequency spectrum shows a repetition rate of 
1.04 GHz. (d) Zoom-in of the radio frequency spectrum around the 
fundamental frequency shows suppression of side modes, > 40 dB. 
 
 The MLL has an output power of 10 mW. The EDFAs used in this system are 
optimized for power scaling and dispersion compensation of the MLL. After the first and 
second stages of amplification, the MLL can have output powers up to 66 mW and 
123 mW, respectively. 
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2.3 Other Equipment 
 
2.3.1 Thermo Nicolet Nexus 670 Fourier Transform Infrared Spectrometer 
 
A commercial FTIR unit is often used to determine the mid-IR spectrum of the sample of 
interest. The mid-IR spectrum captured by the FTIR unit aids in preliminary investigation 
of the sample (i.e. what results can we expect from photothermal spectroscopy) as well as 
provides a gold-standard to which the photothermal spectra can be compared. 
The Thermo Nicolet Nexus 670 FTIR unit utilizes a globar source and a mercury-
cadmium-telluride (MCT) detector, spanning a wavenumber range between 1000 cm-1 
(10 µm) to 4000 cm-1 (2.5 µm). Measurements can be obtained with or without a dry air 
purge. A background measurement is taken prior to sample measurement for background 
subtraction purposes. When using a dry air purge, the purge time prior to the background 
d sample measurements must be as similar as possible to avoid water and CO2 absorption 
lines. For this unit, an approximate purge time of 40 minutes is recommended for each 
measurement. 
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2.3.2 Bruker Vertex 70V Transform Infrared Spectrometer with Hyperion 
Microscope Attachment 
 
A commercial FTIR unit from Bruker (model Vertex 70V) with microscope attachment 
(Hyperion) is used to obtain spectra of samples in the near- and mid-IR regimes. This 
FTIR unit utilizes a globar source that extends from 400 cm-1 to 7000 cm-1 and an MCT 
detector which requires liquid nitrogen cooling for operation. The near-IR and mid-IR 
spectra of samples can be measured using the FTIR unit under both dry-air purged and 
unpurged conditions. All FTIR measurements are recorded in transmission mode with 
background subtraction and no atmospheric compensation. Typical settings used are an 
optical aperture size of ~ 36 µm by 36 µm on the microscope, an aperture setting of either 
3 mm or 5 mm on the FTIR unit (optimized for high signal without saturation), a phase 
resolution of 16, with a minimum of 36 samples for rough scans and 128 samples for fine 
scans. 
 
 
2.4 Samples 
 
An important aspect of the photothermal studies discussed here is the choice of sample. 
Although photothermal spectroscopy is a viable technique for studying many different 
types of samples, certain aspects of the experiments, such as the nature of the 
photothermal effect as well as the choice in pump and probe lasers, must be taken into 
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consideration in selecting a suitable sample for each study. First, the sample under 
consideration must have a mid-IR absorbance within the tuning range of the pump laser 
(in the case of the QCL being used: 1575 cm-1 to 1745 cm-1, 5.8 µm to 6.3 µm). The 
sensitivity of the system is linked to the temperature-induced change in the refractive 
index of the sample or its embedding medium – i.e. the dn/dT of the sample. Hence, a 
large dn/dT is desirable for strong photothermal signal amplitude. 
As an example, preliminary experiments on a liquid crystal sample (with dn/dT 
values on the order of 10-2 in the nematic phase [30]) has shown that an absorbance of 
approximately 0.6 OD provides good signal contrast. For this sample, an approximate 
lower threshold of 0.2 OD is identified. Below 0.2 OD, the temperature-induced change 
in the sample due to absorption of the pump beam results in a refractive index change that 
is close to the minimum sensitivity limit of the system. Below 0.2 OD, the signal contrast 
is significantly reduced and may result in poorly resolved data. However, a different 
sample with a higher dn/dT may still have good signal contrast even at absorbance levels 
below 0.2 OD. Due to the large array of dn/dT values for various samples, it is would be 
most accurate to quote the sensitivity of the system with respect to the smallest change in 
the refractive index that can be measured, rather than the smallest absorbance that can be 
measured. The photothermal system presented in this thesis is able to detect refractive 
index changes on the order 10-2. 
Another consideration is the near-IR absorption spectrum of the sample. Since the 
probe in this experimental setup is centered at 1606 nm, the sample will ideally have little 
to no absorption at this wavelength. To confirm this, the near-IR spectrum of the sample 
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under consideration can be measured using the Cary Varian UV-VIS spectrometer or the 
probe power level can be measured before and after the sample. Although these factors 
may seem limiting, flexibility in pump and probe laser choice would make the 
photothermal system adaptable for studying any sample. 
  The studies conducted in chapters 3 to 6 demonstrate photothermal experiments 
on a variety of samples such as liquid crystals, thin films, and even biological tissue. This 
further demonstrates the wide impact that photothermal spectroscopy can have with 
applications in many different fields. 
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3. Photothermal System Characterization & Signal to Noise Contrast Optimization 
 
3.1 Sample: 4-octyl-4’-cyanobiphenyl (8CB) Liquid Crystal 
 
For this set of studies, a 4-octyl-4’-cyanobiphenyl (8CB) liquid crystal sample is chosen 
for its well-characterized mid-IR spectrum [31]. The C=C stretching band has a 
characteristic peak around 1607 cm-1 that is targeted in the following experiments. The 
8CB liquid crystal is spaced between two 1 mm-thick CaF2 windows with a 6 μm-thick 
mylar spacer. All measurements are performed at room temperature where the liquid 
crystal sample is in the smectic-A phase. The photothermal spectrum is recorded at the 
lock-in output while the pump laser is scanned from 1580 cm-1 to 1740 cm-1 in steps of 
0.2 cm-1 at a fixed QCL pump current of 470 mA. For each probe power, three 
photothermal spectra are measured and fitted by a Gaussian curve with a constant offset 
as a function of wavenumber. In the following, the probe power shown corresponds to the 
near-IR optical power focused onto the sample. 
 
 
3.2 Experimental Parameters 
 
The experiments in sections 3 and 6 are conducted using experimental setup 1 (see 
section 2.1.1 and Figure 3). To position the sample in the photothermal system, the 
sample is mounted on a horizontal post holder using a level to ensure that it lays 
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perpendicular to the surface of the optical table. The sample can be moved in the lateral 
and axial directions through the use of an xy-stage (ProScan II, Prior Scientific) and a z-
stage (Nanomotion II, Melles Griot), respectively. With the pump tuned to the 
wavenumber at which the sample has maximum absorption, and with both pump and 
probe powers incident on the sample, the z-stage is manually adjusted to until an increase 
in the photothermal signal is observed. Once a rough estimate of the focal plane is 
determined, the sample is moved upwards using the z-stage and a downward scan with a 
step size of 5 µm over the range of 1 mm is performed. The resultant z-scan shows the 
photothermal signal strength with respect to the z-stage position, displayed in Figure 10. 
All experiments are conducted at the axial position at which the maximum photothermal 
signal strength is observed. 
 
 
Figure 10. Photothermal signal strength as a function of axial position. All 
experiments are carried out at the axial position where the maximum 
photothermal signal is observed. 
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All experiments reported here are performed at a fixed QCL pump current, with 
an estimated pump power of 0.53 mW at the sample plane. For a beam diameter of 
17.3 µm at the focal plane, a corresponding peak pump fluence of 0.45 J/cm2 is incident 
on the sample when the pump is tuned to 1607 cm-1. 
 
 
Figure 11. Maximum photothermal signal strength as a function of probe 
power. Red circles with error bars indicate the average value (determined 
from three recorded spectra) of the maximum photothermal signal strength 
recorded at each probe power. A dotted black line shows a linear fit to the 
data. The regions in which the data was obtained with (to the right of the 
green dotted line) and without (to the left of the green dotted line) the 
addition of EDFAs to increase the probe power is indicated. 
 
The EDFL has a maximum output power of 30 mW with 10 % output coupling 
for 390 mW of coupled 976 nm pump power. The optical spectrum is centered at 
1606 nm with a full width at half maximum (FWHM) of 0.85 nm. Unsurprisingly, an 
increase in probe power corresponds to an increase in the photothermal signal strength. 
Hence, the EDFL is amplified by two-stages of home-built EDFA for additional power 
scaling. After the first and second stages of amplification, the probe power is increased to 
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60 mW and 84 mW, respectively. Figure 11 shows the increase in photothermal signal 
that can be achieved with the addition of EDFAs. For experiments conducted in sections 
3.3 and 3.4, the probe power is adjusted using a mechanical attenuator. 
 
 
3.3 Fiber Laser Probe Optimization: Improvement in Signal-to-Baseline with 
Asymptotic Behavior 
 
In this section, the effect of probe power on the signal-to-baseline contrast is 
characterized. Based on a linear increase of the photothermal signal and the baseline with 
increasing probe powers (and constant pump power), we derive an asymptotic limit for 
this ratio and discuss its physical significance. For relatively low probe power values, a 
signal-to-baseline contrast above 93 % of the asymptotic limit is obtained. 
For each probe power, three photothermal spectra are measured and fitted by a 
Gaussian curve with a constant offset as a function of wavenumber. In the following, the 
probe power shown corresponds to the near-IR optical power focused onto the sample. 
The constant offset is chosen to correspond to a zero-order polynomial fit over the 
wavenumber range from 1730 cm-1 to 1740 cm-1. This wavenumber range is defined as 
the baseline of the system where the residual sample absorption is minimized. Figure 12 
shows the Gaussian fit (lines) to the measured photothermal spectra (circles) at the 
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indicated probe power values. As expected, the FWHM and center wavenumber of the 
Gaussian fits, 1606.23 ± 0.04 cm-1, remain constant and are independent of probe power. 
 
 
Figure 12. Gaussian fits and measured photothermal spectra of 6 μm-thick 
8CB liquid crystal for a probe power value of 0.08 mW (black solid line), 
0.5 mW (green short dash), 0.9 mW (blue dash), and 1.8 mW (red solid 
line) incident on the sample. The wavenumber range from 1730 – 
1740 cm-1 is chosen as baseline since absorption is minimized over that 
wavelength window. 
 
To evaluate the performance of the photothermal system, the signal-to-baseline 
contrast is analyzed. In this context, it is defined as the peak photothermal signal divided 
by the baseline (see Figure 12, wavenumber range from 1730 cm-1 to 1740 cm-1). The 
signal-to-baseline ratio is evaluated (instead of the signal-to-background ratio, commonly 
used in imaging applications) to quantify the spectroscopic contrast and allows for 
comparison to other spectroscopic methods. 
The impact of probe power optimization for a fixed mid-IR QCL setting is 
studied: An optimized signal-to-baseline contrast is found at the given mid-IR pump 
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power at the sample plane of 0.53 mW for a wavenumber of 1607 cm-1. Operating with a 
constant QCL power, the probe power focused on the sample is increased from 0.08 mW 
to 1.8 mW, an overall factor of ~23. The maximum photothermal signal from the 
amplitude of the Gaussian fit to the measured data is plotted in Figure 13 (red dots). A 
weighted linear fit (red line) to the maximum photothermal signal with respect to 
increasing probe power is described by a slope αs = 34.43 mV/mW. The observed linear 
dependence of the photothermal signal (SPTS ∝ Ppr) on the incident probe power (Ppr) 
follows directly from previously shown analysis [2,3,32,33]. Similarly, the baseline is 
evaluated for each corresponding probe power, as plotted in the inset in Figure 13 (blue 
squares). The weighted linear fit (blue line) is characterized by a slope 
αb = 0.026 mV/mW. The standard error between the experimental peak photothermal 
signal to the Gaussian fit and between the baseline and the linear fit is indicated by error 
bars. For the maximum photothermal signal, the standard error is more than one order of 
magnitude smaller than the data values and thus hardly visible in Figure 13. The non-zero 
y-intercept for both the photothermal signal and the baseline can be explained by the 
measurement background (amplified detector response when the pump laser is blocked 
with residual probe laser noise). In this particular study where the pump is modulated at 
100 kHz, relaxation oscillations from the erbium gain material contribute to the measured 
baseline offset. 
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Figure 13. Photothermal signal and baseline as a function of probe power, 
shown as red circles and blue squares, respectively. The solid lines are 
weighted linear fits to the data. Inset: Linear trend of the baseline (blue 
squares) with increasing probe power. 
 
The lock-in amplifier detects the demodulated scattered power integrated over a 
solid angle determined by the collection optics and detector. The corresponding Green’s 
function in the case of nanoparticle absorbers for linear photothermal spectroscopy have 
been published [2,32,34,35]. For an extended sample geometry with a homogeneous 
sample [3], as in our case, the probe beam scatter is determined by a convolution of the 
extended spatial distribution of the absorbers within the thermally modulated focus spot 
in the 8CB sample with the Green’s function. For a beam waist diameter of 17 µm for the 
QCL and 10 µm for the fiber laser, absorbers within the probe beam focus distributed 
over the sample thickness of 6 µm will contribute to the photothermal signal (Rayleigh 
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range of QCL beam ~40 µm). With a focused QCL mid-IR pump power of 0.53 mW at 
the sample, an upper limit for the temperature change within the 8CB layer is estimated at 
< 1.5 K assuming uniform attenuation within the sample. (The higher thermal 
conductivity of the surrounding CaF2 windows can reduce the overall induced 
temperature rise and experimental measurements with a thermocouple indicated a 
temperature change on the order of 1 K). The scattering of the probe beam depends on 
the wavelength of the probe beam and the offset frequency Ω between the modulated 
probe signal and the unmodulated transmitted probe, which in this case is the repetition 
rate of the pump laser. Integrating the scattered power over the lock-in time constant 
leads to the measured photothermal signal. For both linear and nonlinear photothermal 
spectroscopy, the detected signal thus remains linear with probe power Ppr. Previously, in 
a photothermal imaging study [31], a linear dependence of the “noise” as a function of 
the number of frames averaged was shown. This effect was attributed to incomplete 
averaging when the exposure time was not an integer multiple of 2 /   [36]. For the 
presented mid-IR photothermal spectroscopy, we expect a linear dependence as a 
function of power for both the signal ( )s pr sa P    and the baseline ( )b pr ba P   , as 
shown in Figure 13. 
The measured signal-to-baseline contrast is calculated by dividing the maximum 
photothermal signal by the baseline value (see Figure 13). Figure 14 shows the measured 
signal-to-baseline values (red circles) with respect to the probe power incident on the 
sample. Even at a low probe power of 0.08 mW (first measurement point), a signal-to-
baseline contrast close to 300 is obtained. This value is increased by a factor of ~4 for a 
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probe power value of 1.8 mW, where a high signal-to-baseline contrast of 1233 ± 32 is 
measured, underlining the good specificity and sensitivity of our system. 
 
 
Figure 14. Signal-to-baseline contrast as a function of probe power 
incident on the sample. The solid red line shows the predicted signal-to-
baseline contrast based on linear fits to the maximum photothermal signal 
and baseline from Figure 3. Red circles represent measured data. A high 
signal-to-baseline contrast of 1233 ± 32 is measured. The black dashed 
line at 1324 represents the asymptotic limit, as determined from fits to the 
maximum photothermal signal and baseline. 
 
The ratio of the linear fits to the peak photothermal signal and baseline, described 
by (αs Ppr+βs)⁄(αbPpr+βb), is shown in Figure 14 as a solid red line. This indicates that an 
asymptotic limit in the signal-to-baseline contrast of αs/αb = 34.43/0.026 = 1324 as the 
probe power approaches infinity. For the data shown, the experimental fit predicts the 
highest achievable signal-to-baseline contrast of this system to be 1324 (Figure 14, black 
dashed line). 
The highest experimentally measured signal-to-baseline contrast of 1233 ± 32 
corresponds to over 93 % of the asymptotic limit of 1324. This indicates that optimized 
system performance can be achieved at relatively low probe powers incident onto the 
sample plane. Although the magnitude of both the photothermal signal and baseline will 
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continue to increase with higher probe powers, the signal-to-baseline contrast will be 
capped. Based on the presented curve, a probe power of 4.8 mW is required to approach 
the asymptotic limit of 1324 within one standard error (± 32). However, compared to the 
measured signal-to-baseline value of 1233 ± 32 at 1.8 mW, an increase by a factor of 2.7 
in the probe power will only yield a signal-to-baseline ratio slightly below 98 % of its 
asymptotic limit. Thus, the analysis of the measured and predicted signal-to-baseline 
curve demonstrates a law of diminishing returns where above a certain probe power, 
further increase leads to diminished improvement in the signal-to-baseline contrast. The 
numerical values presented are specific for the mid-IR absorption spectra and the 
photothermal spectroscopy system presented. However, the principles are expected to 
hold in general for photothermal systems that exhibit linear trajectories for the peak 
photothermal signal and baseline with increasing probe power values. The physical 
significance of this asymptotic limit is that for a system, where the residual absorption is 
the dominant contribution to the measured baseline, this limit describes the ratio between 
the extinction coefficients at the peak and the baseline of the sample. As such, this limit 
depends only on the intrinsic extinction coefficients of the sample at the peak of 
absorption and the baseline. Thus, if the extinction coefficient for the baseline is known, 
a quantitative spectral characterization can be conducted independently from the specific 
experimental configuration and probe power.  
For this 8CB sample, the corresponding transmission intensity ratio based on the 
absorbance measured using FTIR spectroscopy showed a good agreement with the 
determined photothermal asymptotic signal-to-baseline ratio. However, the FTIR 
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measurements feature an order of magnitude larger measurement uncertainty associated 
with the absolute determination of the absorption coefficients compared to the presented 
photothermal method: In the asymptotic limit, a relatively small uncertainty is associated 
with the extracted absorption coefficients due to the independence on probe power and on 
system implementation. This allows for quantitative measurements compared to other 
methods where separate background measurements can contribute significant variations 
and systematic offsets. Thus, with the demonstrated photothermal spectroscopy method, 
quantitative spectral properties with the best possible contrast between the vibrational 
peak and baseline in the mid-IR spectrum can be determined. 
The mid-IR photothermal spectroscopy system showed signal-to-baseline values 
exceeding 103. Linear dependence of the photothermal signal of the C=C stretching band 
in 8CB and the corresponding baseline with increasing probe power values leads to an 
asymptotic limit which is independent of probe power. We characterized this numerical 
limit for the signal-to-baseline contrast in mid-IR absorption spectra for our photothermal 
spectroscopy system. For a probe power of 1.8 mW incident on the sample, a high signal-
to-baseline contrast of 1233 ± 32 is measured, over 93 % of the asymptotic limit of 1324. 
Further increase in the probe power results in only marginal improvements, indicating an 
optimal probe power range. This asymptotic limit is determined by the extinction 
coefficients at the peak and baseline absorption. Quantitative measurement of mid-IR 
absorption with high contrast is demonstrated through photothermal methods. 
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3.4 Fiber Laser Probe Optimization: Comparison of Continuous Wave & Mode-
Locked Fiber Lasers 
 
We compare a MLL and cw laser to determine the desirable characteristics of a probe 
laser for achieving high photothermal contrast [37–39]. To determine photothermal 
contrast, the signal-to-background is evaluated. The signal-to-background ratio is an 
important figure of merit for quantifying imaging contrast. In this case where a 
comparison of photothermal contrast as recorded by the MLL and cw laser are being 
compared, the background is an effective measure that corresponds to the noise of the 
probe laser itself (and hence is used in lieu of the signal-to-baseline contrast, as studied in 
the previous section). 
 Figure 15 shows photothermal spectra taken with the MLL (red circles) and cw 
laser (blue squares) at 1.4 mW of probe power and 0.4 mW of pump power on the sample 
plane. Solid lines are Gaussian fits to the data, as described in section 3.3. Although both 
spectra were recorded with comparable powers at the sample plane, the maximum 
photothermal signal strength at 1.4 mW of probe power is ~21 % stronger for the spectra 
acquired with the MLL compared to the cw laser. For the same probe output power, the 
MLL has lower losses than the cw laser in photothermal system. This is observed by a 
difference of 13 % in probe power measured at the photodetector for the same probe 
output power (i.e. for 30.9 mW of probe power at the collimator, 0.96 mW is measured at 
the detector for the cw laser compared to 1.1 mW for the MLL). A possible explanation 
for the discrepancy in the system losses between the two probe lasers is the difference in 
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the central wavelength of two probe lasers. The difference in losses throughout the 
system may be attributed to the objective lens, dichroic mirror, or the collecting optics, 
all of which have coatings that may have slightly different transmission values for 
1560 nm versus 1606 nm.  
 
 
Figure 15. Photothermal spectra obtained with the MLL and cw laser, 
shown as red circles and blue squares, respectively. The spectra were 
recorded with 1.4 mW of probe power and 0.4 mW of pump power 
incident on the sample. The spectrum obtained by the MLL has a 
maximum photothermal signal strength that is 21 % higher than that 
measured by the cw laser. 
 
Spectral features of the Gaussian fits indicate that the FWHM and central 
wavenumber remain constant with increasing probe powers for both the MLL and cw 
laser. The recorded central wavenumber for both probe lasers are very similar: 
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1606.22 ± 0.0002 cm-1 and 1606.23 ± 0.0004 cm-1 for the MLL and cw laser, 
respectively. The FWHM of the spectrum measured by the MLL (3.75 ± 0.002 cm-1) is 
slightly larger than the one recorded by the cw laser (3.62 ± 0.001 cm-1). The maximum 
photothermal signal from Gaussian fits (as described in section 4.2) is shown in Figure 16 
for both the MLL (red circles) and cw laser (blue squares). Solid lines indicate weighted 
linear fits to the data, having the functional form, αPTS Ppr + βPTS. For the cw laser, the 
slope is αPTS,cw = 34.43 mW/mV, compared to the slope of the linear fit to the MLL data, 
αPTS,MLL = 44.27 mW/mV. The ~22 % difference between the slope of the maximum 
photothermal signal for the MLL and cw laser is comparable to the ~21 % difference in 
the maximum photothermal signal observed in Figure 15. 
 
 
Figure 16. Maximum photothermal signal as a function of pump power, 
measured using the MLL (red circles) and the cw laser (blue squares). 
Solid lines are weighted linear fits to the data points. 
 
 36 
 Figure 17 compares the background data taken with the MLL (red circles) and the 
cw laser (blue squares). The background is taken with the probe beam focused onto the 
sample and the QCL pump beam blocked at its output. Similar to the analysis of the 
maximum photothermal signal, the solid lines in Figure 17 are weighted linear fits to the 
background data with the functional form, αbackgroundPpr + βbackground. The background 
measured by the cw laser (αbackground,cw = 0.027 mW/mV) is larger than that measured by 
the MLL (αbackground,MLL = 0.0035 mW/mV). 
 
 
Figure 17. Background values at varying probe powers recorded with the 
MLL (red circle) and the cw laser (blue squares). Solid lines are weighted 
linear fits to the data points. 
 
 The difference in magnitude of the maximum photothermal signal and 
background values between the MLL and cw laser can be observed in the relative 
intensity noise (RIN) measurements of the preamplifier output signal. RIN provides a 
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measure of the optical power fluctuations normalized to the average power (at each noise 
frequency) and is measured by a radio frequency (RF) analyzer. Equation (3.4.1) shows 
the description of RIN as the power spectral density (PSD) normalized by the average 
power ( P ) at each noise frequency. 
 
 PSDRIN
P
   (3.4.1) 
 
 To measure the RIN, the preamplifier output is connected to the RF analyzer, 
which measures the RIN in dBV/Hz. The unit conversion from dBV/Hz to dB/Hz is 
shown in equation (3.4.2) where the voltage (V) is measured at the preamplifier output.  
 
  [ / ]  [ / ] 20 log( )RIN dB Hz RIN dBV Hz V       (3.4.2) 
 
 When a the probe beam is scattered due to the formation of a thermal lens, it is 
expected that the RIN measured after the photodetector will be high at 100 kHz as well as 
its harmonic frequencies (200 kHz, 300 kHz, and so on). However, for the background 
measurement, a lower RIN at 100 kHz indicates a more “quiet” background, providing a 
larger contrast between the photothermal signal and background values at 100 kHz. The 
preamplifier output signal was measured instead of the photodetector output signal due to 
the 50 times amplification provided by the preamplifier between 1 kHz and 1 MHz, 
allowing the photothermal signal at 100 kHz to be detected by the RF analyzer.  
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Figure 18. Relative intensity noise of (a) photothermal signal and (b) background 
measurements after the preamplifier with the MLL (red line) and cw laser (blue line) for 
30.9 mW at the probe output. (a) The photothermal signal at 100 kHz is slightly higher 
for the MLL than the cw laser, confirming the higher photothermal signal strength 
observed in Figure 15. (b) The background value at 100 kHz is significantly lower for the 
MLL than the cw laser. This corresponds to the difference in background value between 
the two lasers observed in Figure 17. 
 
 RIN measurements of the photothermal and background signal after the 
preamplifier are shown in Figure 18a and Figure 18b, respectively, for both the MLL (red 
line) and the cw laser (blue line). As expected, the photothermal signal shows a distinct 
peak in the RIN at 100 kHz and its harmonics. The height of the peak at 99.6 kHz 
is -13.6 dB/Hz and -14.6 dB/Hz for the MLL and cw laser, respectively. By converting 
these values into a voltage ratio, we can calculate the difference in maximum 
photothermal signal strength between the MLL and cw laser shown in Figure 15. 
 For the RIN at a given frequency (in this case, 99.6 kHz), the RIN expressed in 
dB/Hz can be converted to a voltage ratio by the following expression 
  
 2010
RIN
PTS
ref
V
V
   (3.4.3) 
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where VPTS is the measured voltage of the photothermal signal. For the same reference 
voltage, Vref, for both the MLL and cw laser, the ratio between the two voltages can found 
as follows: 
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 Since the Vref term drops out of the ratio calculation, the absolute value of Vref is 
irrelevant, as long as the measure RIN for both the MLL and cw laser are normalized and 
given in dB/Hz (not dBV/Hz). Using the values at 100 kHz obtained from Figure 18a 
of -14.6 dB/Hz for the cw laser and -13.6 dB/Hz for the MLL, the maximum 
photothermal signal measured by the cw laser is found to be 89 % of the maximum 
photothermal signal measured by the MLL. This corresponds to an 11 % difference in 
photothermal signal strength, compared to the 21 % difference in photothermal signal 
strength at 1.4 mW and the 22% difference in the slopes of the maximum photothermal 
signal for the MLL and cw laser. RIN measurements taken at the same probe power on 
the photodetector (1.1 mW) for both lasers show a 5 % difference in the photothermal 
signal strength at 99.96 kHz where the cw laser signal strength is higher than that of the 
MLL. It is clear that the difference in optical losses in the system for the two probe lasers 
contributes to the difference in the slopes of the maximum photothermal signal between 
the MLL and cw laser.  
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 The same analysis can be done for the RIN measurement of the background 
signal, shown in Figure 18b. A power ratio of -56.4 dB/Hz and -41.7 dB/Hz is recorded at 
99.6 kHz with the MLL and cw laser, respectively. Following the same procedure as 
above and assuming the same reference voltage for both lasers, we calculate the voltage 
ratio between the MLL and cw laser background to be ~82 %. This corresponds to a 
difference of ~18 % in the background value between the MLL and cw laser, compared 
to the ~ 13 % difference in the slopes of the linear fits to the background data (shown in 
Figure 17). 
 
 
Figure 19. RIN of the MLL and cw laser output. The cw laser shows an 
increase in the RIN around 100 kHz, a characteristic peak for the 
relaxation oscillations in the cavity. Relaxation oscillations are damped in 
the MLL cavity, as observed in the RIN. Comparison between the cw and 
MLL indicates that the cw laser has ~3.5 times more noise around 
100 kHz than the MLL. 
 
 A contribution to the large difference in the background value between the probe 
lasers is the difference in the RIN of the probe lasers at 100 kHz. RIN of the probe laser 
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output is measured at the output of an InGaAs photodetector (15 MHz cut off frequency, 
DET20C, Thorlabs). Figure 19 shows the RIN measurements for both the MLL and cw 
laser at the probe output. A peak at around a 100 kHz is observed for the cw laser, 
characteristic of the relaxation oscillations of the laser system.  
 Fluctuations in the fiber laser output power can be caused by fluctuations in the 
pump output power. Relaxation oscillations correspond to the fiber laser’s response to 
these power fluctuations when returning to steady state operation. Relaxation oscillations 
depend on the intracavity power, intracavity losses and saturation energy and upper state 
lifetime of the gain medium [40]. For EDFLs, the upper-state lifetime (~10 ms) is usually 
longer than the intracavity radiative lifetime, leading to relaxation oscillations [40,41]. 
However, if the upper-state lifetime and the intracavity radiative lifetime are comparable, 
the relaxation oscillations vanish [40]. This can be easily understood by looking at a 
damped harmonic oscillator. For the underdamped case (akin to having a long upper-state 
lifetime compared to the intracavity lifetime) where the damping ratio is less than 1, the 
system oscillates with decreasing amplitude over time as it returns to steady state. For the 
critically damped case where the damping ratio is 1 (akin to the upper-state and 
intracavity lifetimes being comparable to one another), the system returns to steady state 
without oscillation. The critically damped case results in the fastest return to steady state 
without oscillatory behavior. It is often the preferred case for most systems. 
 Achieving the critically damped condition can be accomplished by either 
increasing the pump power to reduce the upper-state lifetime, or by introducing 
additional intracavity losses or decreasing the cavity length to reduce the intracavity 
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radiative lifetime. The MLL and cw lasers are both pumped by the same diode at the 
same power. However, the MLL has a nonlinear intracavity loss component that does not 
exist in the cw laser. This is due to the use of an SBR which has reduced losses for higher 
intensities. In addition to providing self-starting passive mode-locking, the nonlinear loss 
of the SBR results in a shorter intracavity radiative lifetime compared to the cw laser 
which uses a silver mirror. Additionally, the cw laser cavity is ~45 cm in length, whereas 
the MLL cavity is only ~10 cm in length. With a smaller ratio of the intracavity radiative 
lifetime to upper-state lifetime for the MLL cavity compared to the cw laser, dampening 
of the relaxation oscillations for the MLL are higher than for the cw laser, resulting in a 
reduced intensity of the relaxation oscillations observed around 100 kHz. 
 Using the same analysis of the RIN as above, a voltage ratio of 3.48 at 99.6 kHz 
(3.5 at 100 kHz) is calculated for the RIN of the cw laser output to the MLL output (see 
Figure 19), indicating that at the probe laser output, the cw laser is ~3.5 times noisier 
around 100 kHz than the MLL. For background measurements where only the intensity 
fluctuations of the probe laser at 100 kHz are measured as the background signal, a 
~3.5-fold higher RIN of the cw laser compared to the MLL can be considered a main 
contribution to the difference in the background values measured by the two lasers. 
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Figure 20. Signal-to-background ratio measured with the MLL and the cw 
laser. Phenomenological fits to the measured data are shown as solid lines. 
Dashed lines indicate the predicted asymptotic limit for the MLL (blue 
dash) and cw laser (red dash) systems. A high signal-to-background ratio 
of 6761 ± 118 is recorded with the MLL compared to the value of 
1233 ± 32 recorded with the cw laser. 
 
 To compare the performance of each system, we calculated the ratio of the 
maximum photothermal signal to the background. The measured signal-to-background 
ratio is shown in Figure 20 along with phenomenological fits (solid lines) for the MLL 
(red circles) and cw laser (blue squares). Due to the large difference in the background 
values between the two lasers, the MLL has a higher signal-to-background ratio than the 
cw laser for the same power (1.4 mW): 4844 ± 84 and 1107 ± 37, respectively. High 
signal-to-background ratios of 6761 ± 118 and 1117 ± 34 are measured with the MLL 
and cw laser at 2.7 mW and 1.8 mW, respectively. Based on the phenomenological fits, 
the predicted asymptotic limit (αPTS/αbackground) for the MLL (12509) is one order of 
magnitude larger than that for the cw laser (1254). 
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 We have identified two contributions to the higher signal-to-background ratio for 
the GHz laser compared to the cw laser: the higher maximum photothermal signal for the 
MLL compared to the cw laser at the same probe output power and the higher 
background measured by the cw laser compared to that of the MLL. However, the 
difference in maximum photothermal signal is small compared to the contribution from to 
the difference in the background values of the two lasers. The large difference between 
the slopes of the background for the two lasers can be explained by the higher RIN 
around 100 kHz of the cw laser than the MLL, shown in Figure 19. This is due to the 
dampened relaxation oscillations in the MLL cavity compared to the cw laser cavity. The 
cw laser exhibits ~3.5 times more noise around 100 kHz, resulting the higher background 
values observed for the cw laser compared to the MLL. 
 The improved performance of the photothermal system with the MLL probe can 
be contributed to the more quiet operation of the MLL compared to the cw laser. A high 
signal-to-background of 6761 ± 118 was measured with the MLL at 2.7 mW of probe 
power incident on the sample. The predicted asymptotic value of the MLL is 12509, one 
order of magnitude higher than that of the cw laser, 1254. 
 
 
3.5 The Role of Aperture in Signal Contrast 
 
Based on the principles of the photothermal technique discussed in section 1.1, we now 
take a look at detection the probe beam to better understand the effect of detection 
 45 
geometry in the signal contrast. For most materials, an increase in temperature results in a 
decrease in the refractive index. In such cases, the thermal lensing effect would scatter 
the probe beam inwards, effectively focusing the probe beam. Figure 21 shows how the 
probe beam scatter (due to the thermal lens) is optically heterodyned with the transmitted 
probe beam in the detection geometry. 
 
 
Figure 21. Optical heterodyne of probe beam scatter. Left: when no 
thermal lens is present, the collimated probe beam passes through an 
aperture is detected by the photodetector (PD). Right: Forward scatter of 
the probe beam (due to thermal lens in the sample) is optically 
heterodyned with the transmitted probe beam. Forward scatter allows 
more of the probe beam to pass through the aperture. 
 
Conversely, for the case where the change in refractive index increases with a rise 
in temperature, the thermal lens would scatter the beam in such a way where the probe 
beam becomes defocused. Since it is the probe beam scatter that provides contrast in the 
photothermal technique, detection will still be possible for both cases. In either case, it is 
clear that the aperture size plays an important role in the photothermal signal strength and 
the sensitivity of the system. A too small aperture would limit the amount of light that 
can reach the photodetector, reducing signal strength, and a too large aperture would 
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capture too much of the probe beam leading to loss in contrast between instances where 
the probe beam is and is not scattered. 
 
 
Figure 22. Effect of aperture size on photothermal signal contrast.  (a) 
Photothermal signal strength as a function of aperture size. (b) 
Photothermal background and baseline values measured at varying 
aperture sizes. The detector shot noise level is shown as a green dashed 
line. (c) Signal-to-baseline and (d) signal-to-background values as a 
function of aperture size. 
 
To show the effect of aperture size on the photothermal signal strength and 
photothermal contrast, a ~550 nm-thick layer of poly(methyl methacrylate) (PMMA) 
deposited on a CaF2 substrate is studied. The maximum photothermal signal in Figure 
22a is measured near the absorption peak of PMMA, centered around 1728 cm-1. The 
average baseline and background values are shown in Figure 22b where the baseline is 
obtained from the photothermal signal measured between 1657 cm-1 and 1661 cm-1, 
where sample absorption is low, and the background is acquired from the spectra 
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recorded while the pump beam is blocked. Both the baseline and background values are 
above the shot noise level, shown as a green dashed line in Figure 22b. Dividing the 
maximum photothermal signal by the baseline and background results in the signal-to-
baseline and signal-to-background contrast shown in Figure 22c and Figure 22d, 
respectively. The maximum photothermal signal appears to increase with aperture size, 
but above an aperture size of ~10 mm, the maximum signal strength saturates and 
possibly indicates the start of a decreasing trend at aperture sizes above ~11 mm. This 
trend is even more clear in the signal-to-background contrast shown in Figure 22d, where 
the signal-to-background contrast decreases for when the aperture size is >11 mm. These 
results indicate that the detection geometry, in particular the aperture size, is a crucial 
parameter in optimizing the photothermal contrast. 
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4. Nonlinear Photothermal Spectroscopy 
 
In linear photothermal spectroscopy, the power absorbed by the sample increases linearly 
with an increase in incident pump power. Several nonlinear approaches, such as two-
photon absorption of the pump beam [7] and analysis of higher order harmonic 
photothermal signals [13–16], have been combined with photothermal spectroscopy for 
enhanced signal contrast and increased resolution. A different approach to nonlinear 
photothermal spectroscopy is to increase the pump power to elicit a nonlinear 
photothermal signal response [42,43], resulting in a strong signal enhancement compared 
to the linear regime. In addition to a nonlinear relationship between the signal strength 
and the incident pump power, bifurcation [9–12] and spectral narrowing of the absorption 
peak are observed in nonlinear photothermal spectroscopy. Nonlinear signal 
enhancement, multiple pitchfork bifurcations, and spectral narrowing are recorded and 
characterized for the 8CB liquid crystal at initial sample temperatures of 15.7 ˚C and 
29.3 ˚C, where the liquid crystal is initially in the crystalline and smectic-A phase, 
respectively. Multiple bifurcations are analysed across different phases for the sample 
and can be linked to a universal model for describing these non-equilibrium transitions.  
Additionally, we report the first simultaneous measurement of the photothermal 
signal amplitude and nonlinear phase evolution. This enables detailed observation of the 
nonlinear response that complements the amplitude information. Analysis of the 
photothermal phase allows for extraction of thermal transport properties and the 
determination of the liquid crystal phase of the sample. Thus, nonlinear photothermal 
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spectroscopy promises a new approach to material characterization with enhanced 
spectral resolution that provides insight into underlying non-equilibrium processes 
 
 
4.1 Sample: 8CB Liquid Crystal 
 
In this section, the nonlinear properties of 8CB liquid crystal are investigated. The 8CB 
liquid crystal sample is chosen, not only for its well-characterized mid-IR spectrum, but 
also due to its rich phase behavior [31,44] with phase transitions conveniently accessible 
near room temperature. In the crystalline phase, the liquid crystal has both positional and 
orientational order where the molecules form a lattice with periodic arrangement. In the 
smectic-A phase (T > 22 ˚C), molecules are arranged in planes with the long axis of the 
molecule aligned perpendicular to the layer planes. Long-range orientational order is 
observed in the nematic phase (T > 33.8 ˚C) where the long axes of the molecules are 
aligned along a preferred direction, with no translational order. In the isotropic phase 
(T > 40.8 ˚C), the molecules exhibit neither translational nor orientational order and are 
considered to be in a disordered phase. [44] 
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4.2 Experimental Parameters 
 
The sample is inserted into the photothermal system and placed at the lateral focal 
position using the methods described in section 3.2. To study the nonlinear photothermal 
behavior of the liquid crystal starting in the crystalline and smectic-A phases, a 
temperature controlled sample mount is used to set the sample initial sample 
temperatures, T, of 15.7 ˚C and 29.3 ˚C, where the sample is in the crystalline and 
smectic-A phases, respectively. Photothermal spectra are recorded from 1585 cm-1 to 
1625 cm-1, targeting the C=C stretching band centered around 1606 cm-1. The pump 
current is increased in steps that correspond to pump power increments of 0.1 mW, and 
the spectra are recorded at each pump power value. As the QCL output power for a given 
pump current is different for each wavenumber, the recorded photothermal spectra have 
been normalized accordingly so that they are representative for a measurement under 
constant pump power. All presented plots have been normalized to the maximum 
photothermal amplitude recorded at an initial temperature of 15.7 ˚C. For all 
measurements, the probe power is kept constant at a value of ~1.00 mW incident on the 
sample, for which an optimized signal contrast is obtained. The lock-in amplifier 
measures both the in- (x) and out-of-phase (y) components of the photothermal signal 
(relative to the QCL repetition rate signal). The photothermal signal (PTS) amplitude and 
phase,  , can be extracted from the x and y components according to 2 2PTS x y   
and 
1
tan ( / )y x

 . 
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4.3 Nonlinear Photothermal Spectroscopy of 8CB Liquid Crystal 
 
 
Figure 23. (a) Nonlinear evolution of the photothermal spectra of a 
6 μm-thick 8CB liquid crystal with an initial sample temperature of 
15.7 ˚C. Normalized spectra recorded at select pump powers demonstrate 
spectral narrowing of the C=C absorption band around 1606 cm-1 before 
(black solid line) and after (red dashed line) the (b) first and (c) second 
bifurcations. 
 
Spectra of the 8CB liquid crystal sample show a series of bifurcations, each preceded by 
a region of signal enhancement. In the nonlinear regime, a bifurcation of the main 
absorption peak results in two peaks, each blue- and red-shifted with respect to the peak 
in the linear regime [10,12]. For an initial temperature of 15.7 ˚C where the liquid crystal 
is in the crystalline phase, Figure 23b and Figure 23c show normalized spectra of the 
photothermal signal (PTS) before (black solid line) and after (red dashed line) the first 
and second bifurcation, respectively. In the nonlinear regime, a decrease in the spectral 
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width of the peak centered around 1606 cm-1 is observed when comparing the full-width 
at half-maximum (FWHM) of the two peaks recorded at 1.53 mW (~0.9 cm-1) to the 
FWHM of the single peak recorded at 0.54 mW (~15 cm-1). 
Figure 24a depicts the nonlinear evolution of the photothermal signal of the 8CB 
liquid crystal at an initial temperature of 29.3 ˚C, where the liquid crystal is initially in 
the smectic-A phase. The photothermal spectrum (black solid line) before the first 
bifurcation is shown in Figure 24b where the absorption band centered around 1606 cm-1 
broadens (blue dotted line) with an increase in pump power, followed by the emergence 
of a spike, leading to signal enhancement and spectral narrowing of the spectrum (green 
dashed line). Spectral narrowing of the absorption band at 1606 cm-1 is observed after the 
first and second bifurcations (shown in Figure 24c and Figure 24d) when comparing the 
FWHM of the single peak (black solid line) with the FWHM of the two peaks after each 
bifurcation (red dashed line). 
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Figure 24. (a) Nonlinear evolution of the photothermal spectra of a 6 μm-
thick 8CB liquid crystal sample with an initial sample temperature of 
29.3 ˚C. Normalized spectra recorded at select pump powers demonstrate 
spectral evolution of the C=C absorption band around 1606 cm-1. (b) The 
linear photothermal spectrum (black solid line) broadens with increasing 
pump power (blue dotted line) followed by the emergence of a spike on 
top of the broadened peak (green dashed line) before the first bifurcation. 
Photothermal spectra before (black solid line) and after (red dashed line) 
the (c) first and (d) second bifurcation show spectral narrowing after each 
bifurcation. 
 
The trajectory of the photothermal signal at a fixed wavenumber near the peak 
absorption of the linear vibrational resonance provides a more detailed analysis of this 
nonlinear behavior. Figure 25a and Figure 25b show the photothermal signal trajectory at 
 54 
1605 cm-1 for initial sample temperatures of 15.7 ˚C and 29.3 ˚C. Within the pump power 
range shown, from 0.08 mW to 4.2 mW, two bifurcations are reported for initial 
temperatures of 15.7 ˚C and 29.3 ˚C. A zoom-in of the first bifurcation observed at an 
initial sample temperature of 15.7 ˚C is highlighted in the inset of Figure 25a. For both 
studies, we define a critical power, Pcn(T), that corresponds to the pump power where the 
first onset of peak splitting is observed as a function of the initial sample temperature. 
The first bifurcation occurs at a critical power of Pc1(15.7˚C) = 0.61 ± 0.09 mW and 
Pc1(29.3˚C) = 0.52 ± 0.07 mW, for the sample at an initial temperature of 15.7 ˚C and 
29.3 ˚C, respectively. 
 
 
Figure 25. Nonlinear evolution of the photothermal signal near the 
absorption peak at 1605 cm-1 for the 8CB liquid crystal at initial sample 
temperatures of (a) 15.7 ˚C and (b) 23.9 ˚C. Two bifurcations are observed 
in (a) and (b). (a) Inset shows the first observed bifurcation at a critical 
power of Pc1(15.7˚C) = 0.61 mW. The second bifurcation is observed at 
Pc2(15.7˚C) = 1.15 mW. (b) The first and second bifurcations observed at 
a sample initial temperature of 29.3˚C occur at critical powers of 
Pc1(29.3˚C) = 0.52 mW and Pc2(29.3˚C) = 1.23 mW. 
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Across the different initial liquid crystal phases, we can identify unique regimes 
of the evolution dynamics: (I) In the single peak regime, the photothermal signal 
increases linearly with increasing pump power. For the liquid crystal with an initial 
sample temperature of 15.7 ˚C, this trend deviates from the linear behaviour. It exhibits 
(IIa) quadratic contributions as well as and spectral broadening as the increase in pump 
power approaches the critical power. However, for the liquid crystal with an initial 
temperature of 29.3 ˚C, (IIb) a spike emerges on top of the broadened peak, leading to a 
region of signal enhancement before the first bifurcation is observed. (III) For pump 
power values above the critical power, the main absorption peak splits and the spectral 
width of the two new peaks decreases further with increasing pump power values. While 
the two new peaks continue to exhibit an increase in signal strength and a decrease in 
their spectral widths, the photothermal signal near the linear absorption peak starts to 
decrease with increasing pump power values. This nonlinear behaviour is evident in 
Figure 25 where the first signal enhancement can be observed at pump powers below 
Pc1(15.7˚C) and Pc1(29.3˚C). In Figure 25a, the first bifurcation is observed at 
Pc1(15.7˚C) = 0.61 ± 0.09 mW where the photothermal signal decreases until 
Ppump = 0.86 mW. At Ppump = 0.92 mW, a new peak emerges. The photothermal signal 
continues to increase in (IV) a second region of signal enhancement until 
Pc2(15.7 ˚C) = 1.15 ± 0.26 mW where a (V) second bifurcation is observed. (VI) In a 
third region of signal enhancement, a new peak emerges at Ppump = 1.58 mW and 
continues to increase until a maximum photothermal signal is recorded at 
Ppump = 3.75 mW. 
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A similar trajectory is illustrated in Figure 25b for the sample at 29.3 ˚C with the 
first signal enhancement at probe powers below Pc1(29.3˚C). Emergence of a spike on top 
of the broadened peak (regime IIb) is observed at Ppump = 0.15 mW as a kink in the 
photothermal signal strength. The first bifurcation (III) sets in at 
Pc1(29.3˚C) = 0.52 ± 0.07 mW, followed by a (IV) second region of signal enhancement. 
The second bifurcation starts at Pc2(29.3˚C) = 1.23 ± 0.28 mW. (VI) A third region of 
signal enhancement occurs at pump power values above Ppump = 1.82 mW and a 
maximum photothermal signal is recorded at Ppump = 4.15 mW in a (VIII) fourth region of 
signal enhancement. 
The nonlinear behaviour described above can be attributed to the interaction 
between the probe beam and the pump-induced thermal lens in the sample, making the 
observed phenomena unique to the photothermal technique. Two possible explanations 
for the observed bifurcations are offered. The first explanation proposes that the laser-
induced temperature change at high pump power values leads to the formation of 
bubbles [45–48] at the peak of the linear absorption band with discontinuous boundaries 
within the thermal lens [10,12,49]. Nucleation of bubbles within the thermal lens with 
distinct boundaries and the concomitant discontinuous change in the refractive index 
across the boundaries leads to increased scattering of the probe beam in transmission, 
resulting in a reduced forward transmission signal and a bifurcation at the absorption 
peak. A second explanation of the bifurcations observed in the nonlinear regime is that as 
the change in temperature and refractive index increase with higher pump powers, the 
forward probe scatter becomes defocused from the plane of the photodetector, leading to 
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a reduction in the photothermal signal. In both explanations, the nonlinear relative change 
in the refractive index can be observed through measurement of the probe beam. Direct 
measurement of the mid-IR pump beam at high pump powers (where the nonlinear 
spectra can be detected using the photothermal pump-probe method) yields a linear 
spectrum identical to that obtained in FTIR spectroscopy indicating that the absorbance 
behavior of the sample has not changed. 
Characterization of the nonlinear behavior shown above calls for analysis of the 
nonlinear signal enhancement and the bifurcation. We quantify the signal enhancement 
observed as well as examine the change in spectral shape as the nonlinear behavior 
transitions from the signal enhancement region to the bifurcation.  
 
 
4.4 Nonlinear Photothermal Signal Enhancement 
 
Figure 26 shows photothermal spectra for the maximum photothermal signal observed in 
the linear and nonlinear signal enhancement regions at select pump power values. A 
signal enhancement factor is introduced as the ratio between the maximum photothermal 
signal in each nonlinear regime compared to the linear spectrum where a strong single 
peak centered around 1606 cm-1 is identified. The signal enhancement factor signifies the 
increase in the peak photothermal signal with increasing pump power values. Since the 
photothermal background (the photothermal signal recorded with the pump beam 
blocked) shows no dependence on pump power, the signal enhancement factor is also 
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representative of the expected improvement in the signal-to-background ratio due to 
nonlinear effects. 
 
 
Figure 26. Nonlinear enhancement of the maximum photothermal signal 
centered around 1606 cm-1. (a) Spectra are shown for the linear region 
(Ppump = 0.54 mW), as well as after the first (Ppump = 1.22 mW) and second 
(Ppump = 3.59 mW) bifurcation for an initial sample temperature of 
15.7 ˚C. (b) Spectra in the linear regime (Ppump = 0.13 mW), at the first 
observed signal enhancement (Ppump = 0.49 mW) and after the first 
(Ppump = 1.13 mW) and second (Ppump = 4.15 mW) bifurcation are shown 
for a sample initial temperature of 29.3 ˚C. 
 
The largest signal enhancement for the sample at an initial temperature of 15.7 ˚C 
is observed during the first enhancement region (27-fold), shown in Figure 26a. A large 
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overall signal enhancement factor of 47-fold and 16-fold is recorded for the sample at 
initial temperatures of 15.7 ˚C and 29.3 ˚C, respectively. The estimated enhancement in 
the photothermal signal strength due to nonlinear effects is expected to be 3.5-fold when 
comparing the maximum photothermal measured at 3.75 mW to the projected linear 
increase in photothermal signal strength due to an increase in pump power. 
 
 
4.5 Multiple Bifurcations in Non-Equilibrium Transitions 
 
 
Figure 27. Center wavenumber of the peak(s) observed in the 
photothermal spectrum are shown as black circles. Red lines indicate 
exponential fits to the data. Error bars indicate the measurement 
uncertainty associated with the QCL wavenumber tuning resolution. The 
critical power, Pcn(T), indicates the pump power at which the nth 
bifurcation is induced for an initial sample temperature, T. Fits (red lines) 
to the nonlinear regime show a critical exponent of = 0.47 ± 0.03. 
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To characterize the transition between the nonlinear enhancement region and the 
bifurcation region, photothermal spectra are recorded at pump power increments of 
0.02 mW near the onset of the observed bifurcations. The spectra are smoothed using a 
fast Fourier transform filter and interpolated to a step size of 0.01 cm-1 (compared to the 
data collection step size of 0.20 cm-1) to improve determination of the spectral features. 
Fitting to the bifurcation offers insight on the underlying physics governing this behavior 
In Figure 27, the center wavenumber of the peak(s) in the measured photothermal 
spectra are shown as black circles with error bars that indicate measurement uncertainty 
due to the QCL wavenumber tuning resolution. Below the critical pump power, a single 
peak at the absorption maximum of the C=C stretching band centered around 1606 cm-1 
is recorded. A linear fit to the center wavenumber (red solid line) below the critical 
power, Pcn(T), results in a constant value, 0 , as seen in Figure 27b and Figure 27c. A 
slight downward linear trend is observed below Pcn(T) in Figure 27a and Figure 27d with 
an offset constant, 0 . Above the critical power, bifurcation of the main absorption peak 
into two side peaks that are strongly red- and blue-shifted with respect to 0  are clearly 
visible in Figure 27 as a split into two branches. In this regime, a fit to a power law with 
the following functional form describes a phenomenological model of the nonlinear 
processes and pitchfork bifurcation for each branch, where Pcn(T) denotes the critical 
power for the n-th bifurcation at the initial sample temperature, T: 
 
  0 cnb P P T

         (4.5.1) 
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Fits obtained from the center wavenumbers of the blue-shifted branch are shown 
in Figure 27 as red solid lines for both the red-and blue-shifted branches. Fits to the 
center wavenumber of the blue-shifted branch result in Pcn(T) values that are in 
agreement with the values reported earlier. By averaging the exponent values shown in 
Figure 27, an averaged exponent of β = 0.47 ± 0.03 is reported. Due to symmetry, similar 
exponents are confirmed for both branches of the red- and blue-shifted peaks. This 
apparent universal exponent of 0.47 ± 0.03 applies for all observed bifurcations. A simple 
model inspired by mean field theory [50] with a quadratic nonlinearity and a 
characteristic exponent of 0.5 can describe the underlying non-equilibrium transitions 
reported here. 
 
 
4.6 Spectral Narrowing of Absorption Resonances 
 
To characterize the spectral narrowing of the absorption resonances, the FWHM of the 
C=C vibrational stretching band is plotted in Figure 28a and Figure 28b. It is shown as a 
function of the pump power near the onset of the first and second bifurcations for an 
initial temperature of 15.7 ˚C, where the sample is in the crystalline phase. For 
consistency in the baseline, only the FWHM of the blue-shifted peak is plotted in 
Figure 6a at pump power values above Pc1(15.7˚C). The FWHM of the peak below the 
critical pump power of Pc1(15.7˚C) = 0.61 mW and Pc2(15.7˚C) = 1.15 mW increases 
linearly before a quadratic trend is noticeable (blue solid line). At pump power values 
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above the critical powers, two peaks that are red- and blue-shifted with respect to are 
observed. Analysis of the FWHM of the red-shifted peak confirms that the FWHM 
decreases with higher pump power values compared to the FWHM of the single peak 
before the bifurcation for both the blue- and red-shifted peaks. A fit based on equation 
(4.5.1) to the FWHM of the peak after the bifurcation shows a power law relationship 
between the FWHM and the pump power. The red solid lines in Figure 28a and Figure 
28b are fits to the data based on the power law shown in equation (4.5.1). The spectral 
FWHM of the peak is decreased by ~ 50 % after the first bifurcation to a value of 7.8 cm-
1. Upon further increase of the pump power close to the critical power, Pc2(15.7˚C), the 
FWHM of the newly formed center peak first slightly increases, followed by a decrease 
to a minimum measured FWHM of 0.9 cm-1. Comparing the maximum and minimum 
measured spectral widths of 15.2 cm-1 and 0.9 cm-1, we report an overall decrease of 
~ 95 % in the FWHM of the photothermal signal due to multiple bifurcations in the 
nonlinear regime. 
Figure 28c and Figure 28d show the FWHM analysis of the photothermal spectra 
obtained at an initial sample temperature of 29.3 ˚C. Figure 28c displays the change in 
FWHM due to the spike that emerges on top of the broadened peak at Ppump = 0.15 mW 
(regime IIb). Broadening of the peak is observed below Ppump = 0.34 mW where a 
maximum FWHM of 11.4 cm-1 is measured. A fit to this region (see Fig. 6c), shown as a 
blue solid line, exhibits a quadratic trend. At pump power values above Ppump = 0.34 mW, 
a drastic decrease in the FWHM continues across the first bifurcation at Pc1(29.3˚C). A fit 
based on equation (4.5.1), shown in Figure 28c and Figure 28d as a red solid line, 
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indicates an apparent continuous decrease in the FWHM with a power law relationship 
between the FWHM and pump power. Comparing the maximum and minimum measured 
spectral widths of 11.4 cm-1 and 0.5 cm-1, and overall decrease of ~50 % is reported 
across the nonlinear behavior observed around Pc1(29.3˚C). 
 
 
Figure 28. FWHM of the C=C stretching peak centered around 1606 cm-1 
before and after the (a) first and (b) second bifurcations recorded for a 
sample initial temperature of 15.7 ˚C. An increase of the FWHM with 
increasing pump power leading up to the bifurcation followed by a sharp 
decrease in the FWHM after the start of the bifurcation is observed for 
both bifurcations. Spectral narrowing is observed after the first bifurcation 
(from 15.2 cm-1 to 7.8 cm-1) followed by a further decrease in the spectral 
FWHM after the second bifurcation to a minimum measured spectral 
width of 0.9 cm-1. FWHM of the absorption band centered around 
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1606 cm-1 in the (c) first signal enhancement region due to emergence of 
the spike at Ppump = 0.15 mW and (d) before and after the first bifurcation 
for a sample initial temperature of 29.3 ˚C. (c) FWHM of the spike shows 
peak broadening at powers below Ppump = 0.34 mW, followed by a 
decrease in the FWHM (from 11.4 cm-1 to 5.0 cm-1. (d) A continuous 
decrease in the FWHM of the peak is observed before and after the first 
bifurcation. 
 
The FHWM analysis of the bifurcations observed at initial sample temperatures of 
15.7 ˚C and 29.3 ˚C shows a similar trend, that the FWHM first slightly increases with 
higher pump power values, followed by a sharp decrease in the FWHM. Fitting to the 
same power law yields good agreement with the recorded FWHM after each bifurcation. 
An approximate two-fold enhancement in the spectral sharpness of the peak after the first 
bifurcation is observed at both studied initial temperatures. 
 
 
4.7 Photothermal Phase in the Nonlinear Regime 
 
An advantage of this technique is that both the amplitude and phase of the photothermal 
signal can be retrieved at the lock-in amplifier. We report the phase behavior in the 
nonlinear regime for the first time and identify characteristic features for each regime. 
Figure 29a and Figure 29b show surface plots of the photothermal phase and the 
photothermal signal amplitude with increasing pump powers for the 8CB at an initial 
sample temperature of 15.7 ˚C. Successive individual spectra measurement at different 
pump power values (from 0.08 mW to 4.2 mW in 0.1 mW increments over a 
wavenumber range of 1585 cm-1 to 1625 cm-1) are combined into two-dimensional 
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surface plots, representing the magnitude of the photothermal phase (in Figure 29a) and 
amplitude (in Figure 29b). Figure 29c – Figure 29f show the photothermal signal (black 
dashed line) and phase (blue solid line) at select pump power values. The photothermal 
phase corresponds to the phase shift of the photothermal signal relative to the QCL phase 
and corresponds to the scattering properties of the thermal lens induced within the 8CB 
liquid crystal. The photothermal phase is plotted with a 0 and 2π range. The linear 
spectrum and phase information is shown in Figure 29c for Ppump = 0.54 mW where a 
constant phase of 0.97 ± 0.02 rad (0.31π) is observed across wavenumbers of the linear 
absorption peak in the crystalline phase. The same linear offset phase can be observed in 
the crystalline phase for Figure 29c to Figure 29f at wavenumbers removed from the 
absorption peak. Fluctuations in the phase near 1590 cm-1 in Figure 29c can be explained 
by the low photothermal signal strength compared to wavenumbers close to 1606 cm-1 
where the peak of the photothermal signal is observed. For a linear increase in the 
photothermal signal, where the spectral shape is maintained, the phase remains constant. 
In the nonlinear regime, the photothermal phase changes significantly. At the 
onset of a bifurcation, the phase develops a sharp increase at wavenumbers where a 
decrease in the photothermal signal strength is observed (see Figure 29d). At pump power 
values above the second bifurcation, evidence of previous bifurcations is observed as 
small dips in the photothermal signal amplitude around 1603 cm-1 and 1609 cm-1 in 
Figure 29e, and around 1596 cm-1 and 1615 cm-1 in Figure 29f. At high pump power 
values, these features, which indicate the presence of nonlinear responses at 
corresponding wavelengths, may go unnoticed in the photothermal signal amplitude due 
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to the enhanced photothermal signal strength. However, these features stand out clearly 
due to the large increase in the photothermal phase, regardless of pump power or 
photothermal signal enhancement.  
 
 
Figure 29. Photothermal amplitude and phase spectra at an initial 
temperature of 15.7 ˚C where the liquid crystal is in the crystalline phase. 
(a) The photothermal phase and (b) photothermal signal amplitude are 
shown for wavenumbers between 1585 cm-1 and 1625 cm-1 with 
increasing pump power values. White lines indicate pump powers of 0.54 
mW (short dash), 0.86 mW (dash-dot), 1.22 mW (dash), and 3.75 mW 
(solid). The photothermal spectra (black dashed lines) and phase (blue 
solid lines) are shown at (c) Ppump = 0.54 mW, (d) Ppump = 0.86 mW, (e) 
Ppump = 1.22 mW, and (f) Ppump = 3.75 mW of pump power. 
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The scattering of the near-IR probe beam due to the induced thermal lens and 
nucleated bubbles depends on the thermal properties of the sample. Due to the different 
thermal transport properties of the 8CB in the various liquid crystal phases (i.e. 
crystalline and smectic-A), the photothermal phase can provide insights into the observed 
nonlinear behavior. Figure 29e shows the photothermal phase across a region of signal 
enhancement after the first bifurcation. At wavenumbers removed from the mid-IR 
absorption peak, a constant linear phase is observed, suggesting that the scattering 
properties of the near-IR thermal lens within the liquid crystal remain unchanged at these 
wavenumbers despite the increase in the laser-induced heating. Around 1603 cm-1 and 
1609 cm-1 (see Figure 29e), the first bifurcation is observed as sharp increase in the 
photothermal phase. This change in the photothermal phase suggests that the laser-
induced heating at wavenumbers around the absorption peak centered at 1606 cm-1 has 
increased the local temperature of the sample enough to alter the scattering properties of 
the thermal lens within the 8CB liquid crystal. One possible explanation is provided by 
laser-heating induced nucleation of bubbles within the thermal lens which could be linked 
to underlying temperature-induced localized material phase changes and transitions in the 
liquid crystal. 
In Figure 29f, the photothermal signal features two bifurcations and a new peak 
centred around 1606 cm-1. This is visible in the photothermal phase, which features an 
abrupt increase, representing the first bifurcation. The second bifurcation is marked by a 
sharp decrease in the photothermal phase at values closer to the center of the spectrum, 
around 1599 cm-1 and 1613 cm-1. 
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Figure 30. Evolution of the photothermal phase at 1606 cm-1 with 
increasing pump powers. Distinct changes in the photothermal phase is 
recorded after each critical power value. A link between the critical 
temperatures and phase transitions suggests that a change in the laser-
induced liquid crystal phase is reflected in the photothermal phase. 
 
Evolution of the photothermal phase at the absorption maximum of the linear 
signal at 1606 cm-1 is shown in Figure 30. Here, the changes in photothermal phase can 
be linked to the critical temperatures, suggesting that the value of the photothermal phase 
may be indicative of the liquid crystal phase induced by the pump laser. If so, the changes 
in the photothermal phase across the spectra (most prominently observed in Figure 29f) 
shows a progression of the photothermal phase indicating a change in laser-induced 
liquid crystal phase at wavenumbers further away from the absorption maximum of the 
linear spectrum at 1606 cm-1. Near the absorption maximum of the linear photothermal 
signal (centered around 1606 cm-1), the photothermal phase suggests that the liquid 
crystal is in the nematic phase due to the laser-induced heating. As we move away from 
the absorption maximum of the linear signal, the temperature change due to the laser-
induced heating is expected to be reduced due to the smaller absorption. Accordingly, a 
change in the photothermal phase suggests that the liquid crystal is in the smectic-A 
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phase at ~1598 cm-1 and ~1614 cm-1 and in the crystalline phase at wavenumbers below 
1595 cm-1 and above 1620 cm-1. 
Additionally, simultaneous measurement of the photothermal signal and 
photothermal phase allows us to examine the in- and out-of-phase components (relative 
to the QCL repetition rate) of the photothermal signal, as shown in Figure 31 for a sample 
base temperature of 15.7 ˚C. The relationship between the photothermal signal, 
photothermal phase, and the in- and out-of-phase components are discussed in section 
4.2. Figure 31a to Figure 31d show the in- and out-of-phase components of the 
photothermal signal as black and red solid lines, respectively, for pump powers of 
0.54 mW, 0.86 mW, 1.22 mW, and 3.75 mW. These results can shed insight to the 
scattering and absorption properties within the sample during the photothermal light-
matter interaction. For a simplification of the interaction, based on a one-dimensional 
propagation along the z-direction, the electric field of a propagating wave is 
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Attenuation of the propagating light is related to the imaginary part of the 
refractive index, whereas refraction (a form of scattering) appears in the real part of the 
 70 
refractive index. Hence, the in-phase (real) and out-of-phase components of the 
photothermal signal are expected to represent the scattering and attenuation occurring in 
the sample, respectively. It is prudent to mention that in the case of photothermal 
spectroscopy, there are two different wavelengths present, one responsible for absorption 
within the sample, and one whose scatter is being measured. Hence, when investigating 
the in- and out-of-phase components of the photothermal signal, we must remind 
ourselves that we are looking at the scattering and attenuation behavior of only the probe 
beam and not that of the pump beam. 
It should not come as a surprise that the experimental results show that the in- and 
out-of-phase components follow a similar trend with increasing pump powers – ie. 
scattering increases, so does attenuation (in the forward direction). Within the absorption 
peak of the linear photothermal signal, the magnitude of the in-phase component is 
shown to be consistently smaller than that of the out-of-phase component for all pump 
powers which makes sense since scattering is an effect that contributes to attenuation. 
This shows that though the laser-induced change in the refractive index in the liquid 
crystal sample is attributed to the pump laser, there are non-scattering effects that account 
for attenuation of the probe beam (a background spectrum recorded with the pump laser 
off confirms that absorption of the probe beam is not large enough to be detected by this 
system). With the emergence of a new peak centered around 1606 cm-1 after the first 
bifurcation, as observed in in Figure 31c, the in- and out-of-phase components start to 
change sign and take on a negative value. After the second bifurcation, the in- and out-of-
phase components exhibit negative values around 1599 cm-1 and 1613 cm-1, 
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corresponding to the increase in photothermal phase values (see Figure 29f). The 
meaning of the change in sign of the photothermal in- and out-of-phase components 
warrants further investigation.  
 
 
Figure 31. In and out-of-phase components of the photothermal signal 
recorded at (a) 0.54 mW, (b) 0.86 mW, (c) 1.22 mW, and (d) 3.75mW. At 
the absorption peak, the magnitude of the in-phase component is 
consistently smaller than the out-of-phase component. Emergence of a 
new peak after a bifurcation leads to the in- and out-of-phase components 
showing negative values (seen in (c) and (d)). The ability to extract in- and 
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out-of-phase components can allow us to investigate the absorption and 
scattering effects occurring within the sample. 
 
Figure 32 shows the photothermal signal amplitude (black dashed lines) and 
phase (blue solid lines) measured at an initial sample temperature of 29.3 ˚C. Spectra at 
Ppump = 0.49 mW, Ppump = 0.70 mW, and Ppump = 1.08 mW corresponding to the observed 
spike (regime IIb), the first bifurcation (regime III) and the first region of signal 
enhancement are depicted in Figure 32a to Figure 32c, respectively. The photothermal 
phase shows that nonlinear behavior is already observed at Ppump = 0.49 mW, indicated 
by the change in the phase values near 1600 cm-1 and 1616 cm-1, compared to the 
constant photothermal phase of 3.9 ± 0.05 rad (1.24π) in the linear regime. At 
Ppump = 0.70 mW of pump power, the photothermal signal amplitude has a relative 
maximum 1606 cm-1, corresponding to the minimum of the bifurcation. At 
Ppump = 1.08 mW, a new peak in the photothermal signal amplitude centered around 
1606 cm-1 is observed and the associated phase value of ~0.9 rad (0.29π) suggests that the 
laser-induced heating at 1606 cm-1 has resulted in the formation of bubbles within the 
thermal lens. The drastic change in the photothermal phase around 1601 cm-1 and 
1611 cm-1 shows evidence of the first bifurcation, similar to the nonlinear photothermal 
phase evolution observed at a sample initial temperature of 15.7 ˚C. 
Since absorption at the probe wavelength is negligible, the signal from the probe 
beam scatter is determined primarily by the real part of the dielectric function. Abrupt 
changes in the magnitude of the photothermal phase in the presence of a bifurcation 
indicates that we have strongly altered the behavior of the dielectric function at the probe 
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wavelength. The ability to simultaneously measure both the photothermal phase and 
signal amplitude provides additional insight into the nonlinear photothermal behavior. 
The photothermal phase evolution is of general nature, as similar changes in the 
photothermal phase at wavenumbers corresponding to bifurcations in the photothermal 
signal spectra are observed for the 8CB liquid crystal sample at initial temperatures of 
15.7 ˚C and 29.3 ˚C. Examination of the photothermal phase information allows 
identification of nonlinear phenomena that occur within the sample regardless of the 
magnitude of the effect in the photothermal signal amplitude. 
 
 
Figure 32. Photothermal amplitude and phase spectra at an initial 
temperature of 29.3 ˚C. shown as black dashed lines and blue solid lines, 
respectively at (a) Ppump = 0.49 mW, (b) Ppump = 0.70 mW, and 
(c) Ppump = 1.08 mW incident on the sample. Changes in the photothermal 
phase are observed with the emergence of nonlinear behavior in the 
photothermal signal amplitude, indicative of a change in the liquid crystal 
phase. 
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As shown in this section, analysis of the photothermal signal in combination with 
the photothermal phase can shed insight on much of the light-matter interaction taking 
place within the sample. The results show strong correlation between changes in the 
photothermal phase and induced liquid crystal phase. Investigation into the in- and out-
of-phase components of the probe beam (with respect to the QCL repetition rate) reveals 
information regarding the scatter and attenuation of the probe beam by the sample. 
Additionally, study of the photothermal phase has the potential for characterization of the 
thermal transport properties of 8CB liquid crystal. The ability to simultaneously capture 
the photothermal signal and phase information lends photothermal spectroscopy to new 
applications for characterization of thermal transport properties on short time scales and 
provides additional insight in the nonlinear photothermal behaviour of samples. 
 
 
4.8 Nonlinear Effects on Weakly Absorbing Features 
 
Similar evolution of weakly absorbing features are also observed at longer wavenumbers 
(between 1640 cm-1 and 1720 cm-1) in the nonlinear regime. The weakly absorbing 
features exhibit nonlinear signal enhancement and bifurcation of peaks with increasing 
pump power levels, shown in Figure 33 for a base sample temperature of 15.7 ˚C. Due to 
the difference in the absorbance, the critical powers are different for the absorption peaks 
centered around 1606 cm-1 and 1686 cm-1. Evolution of the photothermal phase with 
increasing pump powers is also observed for these weakly absorbing features and follow 
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a trend similar to that described for the main absorption peak at 1606 cm-1, as described 
in section 4.7. 
 
 
Figure 33. Nonlinear evolution of weakly absorbing features with 
increasing pump power values from 1.7 mW to 3.0 mW. Multiple 
bifurcations of the main weakly absorbing peak at 1686 cm-1 are observed. 
 
 
4.9 Summary on Nonlinear Photothermal Spectroscopy 
 
The nonlinear effects presented are induced at pump powers below 1 mW where 
multiple bifurcations are observed at pump powers up to 4 mW. Combined with a low 
probe power of ~ 1 mW, this establishes a sensitive technique that can probe nonlinear 
effects well below the damage threshold for most materials. 
The nonlinear behaviour studied in this chapter occurs when the temperature-
induced formation of bubbles in the thermal lens leads to a nonlinear response in the 
refractive index, a phenomenon that can readily be observed near phase transitions. This 
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nonlinear technique has shown the ability to probe both the vibrational mid-IR 
characteristics of a sample as well its optical properties as the sample enters a nonlinear 
response regime. Thus, this nonlinear phenomena is considered to be of general nature 
and can be used to study any sample undergoing non-equilibrium phase transitions and 
exhibiting a nonlinear change in the refractive index. 
The universality of the findings presented in this chapter is supported by the body 
of work of nonlinear photothermal spectroscopy in the visible [10,45,49] and mid-
IR [12,27] with aqueous and liquid crystal samples. Additionally, the nonlinear behaviour 
is linked to the different initial liquid crystal phases demonstrating the technique’s 
sensitivity to the initial state of the sample as well as its embedding environment. 
Characterization of the nonlinear signal enhancement and pitchfork bifurcations 
illustrates the potential of nonlinear photothermal spectroscopy as a novel pathway for 
material identification with improved sensitivity and spectral resolution in sensing and 
imaging applications. 
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5. Determining Lateral Resolution in Photothermal Imaging 
 
In most imaging methods, the spatial resolution is determined by the imaging wavelength 
due to the effect of diffraction in any optical microscopy. This limitation is often 
considered to be fundamental and often referred to as a diffraction-limit or diffraction 
barrier in optical microscopy. For an objective lens with a given numerical aperture, the 
lateral resolution is wavelength dependent and can be calculated based on a few different 
standard metrics: the Abbe resolution, the Rayleigh criterion, and the Sparrow resolution. 
The Abbe resolution is often quoted as being the diffraction-limited spot size, referring to 
the smallest beam waist achievable for a given wavelength and numerical aperture. In 
fact, the Abbe resolution is a calculation of the size of the zeroth order of the Airy disk in 
a diffraction pattern. The relationship between the Abbe resolution and the imaging 
wavelength is as follows 
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where λ is the imaging wavelength and NA is the numerical aperture of the objective 
lens. For the experimental setup used in this section, where the objective NA is 0.25, the 
Abbe resolution for the pump (at 1728 cm-1 = 5787 nm) and probe (at 1606 nm) beams 
are 11.6 µm and 3.2 µm, respectively. For the case of two point objects that are spaced 
closely with one another, the Rayleigh criterion considers the two objects to be resolved 
at distances where the Airy disk maximum of object 1 overlaps with the Airy disk 
 78 
minimum of object 2 in the optical microscopy image. This can roughly be estimated as 
an overlapping signal of two point sources with a dip between the two maxima of 
approximately 20% to 30 % of the maxima. The Rayleigh criterion can be calculated by 
 
 
,
0.61
R ayleigh R esolution
x y
N A

  , (5.0.1) 
 
resulting in a value of 14.1 µm and 3.9 µm for the pump and probe beams, respectively. 
Based on the same principles as the Abbe resolution and the Rayleigh criterion, the 
Sparrow limit is also derived from the interference pattern between two point absorbers. 
Unlike the Rayleigh criterion, the Sparrow limit is defined as the limit in which the zeroth 
order Airy disks of the two point sources are merged and therefore exhibit a constant 
brightness across the region between the two maxima. The Sparrow limit can be 
calculated as follows 
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resulting in a Sparrow resolution of 10.9 µm and 3.0 µm for the pump and probe beams, 
respectively. 
Many techniques, such as two-photon microscopy and stimulated emission 
depletion (STED), have been developed in order to obtain images with a resolution below 
the diffraction limit. The work conducted in this section shows the ability achieve mid-
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infrared imaging with sub-diffraction-limited resolution in a photothermal system. 
In the photothermal pump-probe scheme, the pump beam is responsible only for 
formation of the thermal lens within the sample, and the detection of signal contrast relies 
on the spatial overlap between the probe beam and the laser-induced thermal lens. Hence, 
the lateral resolution in photothermal imaging is not determined by the pump beam 
wavelength, but rather, the spatial overlap between the thermal lens and the probe beam. 
This can be exploited to achieve imaging with sub-diffraction limited resolution by using 
a probe beam that has a shorter wavelength than the pump beam. It is important to note 
that the spectral information contained in the image is at mid-infrared wavelengths and 
while diffraction of the probe beam still limits the resolution of the system, the spatial 
resolution shown is well below the diffraction limit of the pump beam. 
 
 
5.1 Samples: Nylon Beads, Patterned PMMA and Melamine Beads 
 
In order to study the spatial resolution of the photothermal imaging system, a stable 
sample that can be easily deposited on a CaF2 substrate and patterned is required. In this 
section, three main samples are used: commercially available nylon 12 beads, a custom 
patterned PMMA imaging target, and commercially available melamine beads. 
 The nylon 12 beads (SP-500, Kobo) used in preliminary studies were 5 µm in 
diameter (specifications indicate that > 90 % of beads have a diameter < 10 µm) and had 
an absorption peak at 1634 cm-1. Studies were conducted with the nylon beads embedded 
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in Fomblin (a viscous lubricant with high dn/dT used to provide signal contrast). In order 
to create a sample with the desired sparsity of the nylon beads, 0.0047 g of nylon 12 
beads were mixed with 5 mL of isopropanol to create a mixture with a low concentration 
of suspended nylon beads. This method was necessary due to the tendency of the nylon 
beads to clump together. Then, 25 µL of the nylon bead/isopropanol mixture was 
deposited onto a 0.5 inch CaF2 substrate. Finally, 18 µL of Fomblin was pipetted onto the 
sample to create an embedding environment. The sample was prepared by two of my 
mentees, Casey A. Biederman (National Science Foundation Research Experiences for 
Undergraduates, Boston University) and Karl Muench (National Science Foundation 
Research Experiences for Teachers, Boston University) as part of a summer research 
internship. 
 To determine the resolution of the photothermal imaging system, a layer of 
PMMA (approximately 500 nm in thickness) was spin-coated onto a 1 inch CaF2 
window. PMMA was selected due to its relatively high absorbance at the 1730 cm-1 
absorption peak, well within the tuning range of our QCL pump laser. A 1951 United 
States Air Force (USAF) imaging target (groups 6 and 7) was patterned onto the PMMA 
by electron beam lithography using a Zeiss Supra 55 scanning electron microscope. 
Custom patterned PMMA samples were fabricated by Le Li (Mesoscale Soft Matter Lab, 
Brown Research Group, Boston University), who also conducted optical microscopy and 
AFM on prepared samples. 
 Single micro particles based on melamine resin (90637, Sigma Aldrich) 
(ie. melamine beads) were studied to determine the definition and PSF of the 
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photothermal system. The beads were suspended in an aqueous solution and diluted using 
methanol. The suspended beads in solution were pipetted onto a CaF2 substrate. Once the 
sample had dried, laminar flow of distilled water was used to remove multilayered beads 
and to isolate single particles on the sample surface. 
 
 
5.2 Experimental Parameters 
 
Experiments on nylon 12 beads were conducted by Casey A. Biederman (National 
Science Foundation Research Experiences for Undergraduates, Boston University) and 
Karl Muench (National Science Foundation Research Experiences for Teachers, Boston 
University) using experimental setup #2 (see section 2.1.2). 
Experiments on patterned PMMA were conducted with experimental setup #3 
(see section 2.1.3). 
 
 
5.3 Photothermal Imaging of Nylon Beads Embedded in Fomblin 
 
In order to determine the resolving power of the photothermal imaging system, 5 µm 
diameter nylon 12 beads embedded in Fomblin were studied. The Fomblin is used as an 
embedding medium with high dn/dT to provide additional contrast. A 400 µm by 400 µm 
photothermal image was obtained by raster scanning the sample with a step size of 1 µm.  
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Figure 34. Nylon 12 beads embedded in Fomblin. (a) Photothermal and 
(b) optical images show good co-registration with one another. 
 
 Figure 34a shows a close-up of a photothermal image obtained at 1650 cm-1. Due 
to the use of the embedding medium, the nylon beads work as a negative contrast sample 
where the change in refractive index in the Fomblin is larger than the change in refractive 
index of the nylon beads. Despite the use of low incident pump and probe powers of 
5.6 mW and 1 mW, respectively, a high signal-to-background contrast of 750 is achieved 
through the use of an embedding medium with a large dn/dT. Comparing the 
photothermal image to the optical image shown in Figure 34b, the two images show good 
co-registration with one another. For this sample, co-registration between the two images 
was vital in determining the location and number of the nylon beads present in a given 
area. The optical image was able to distinguish between two or more adjacent nylon 
beads much more clearly than the photothermal image due to the higher spatial 
resolution. This allowed for visual validation of photothermal line scans that indicate a 
cluster of very closely spaced nylon beads. 
 83 
 
Figure 35. Photothermal detection of a single nylon bead. (a) Photothermal 
image and line scans across the (b) x and (c) y directions (shown in (a) as 
black dashed lines) of a single nylon bead embedded in Fomblin. 
 
Photothermal image of a single bead is shown in Figure 35a. Figure 35b and 
Figure 35c are line scans in the x and y directions, respectively, and correspond to the 
black dashed lines in Figure 35a. The ability to detect a small single is demonstrated here. 
Due to the uncertainty in the exact size of the nylon beads (as per the company’s 
specifications), this experimental result does not provide conclusions regarding the 
accuracy of the apparent bead size as determined by the photothermal line scans. 
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Figure 36.Photothermal detection of a cluster of nylon beads. 
(a) Photothermal and (b) optical image of a group of multiple beads. Line 
scans along the (c) x and (d) y directions (shown in (a) and (b) as black 
dashed and red solid lines, respectively) show that the closely packed 
beads can be distinguished from one another. 
 
 Photothermal and optical images of a cluster of beads are shown in Figure 36a 
and Figure 36b, respectively. Line scans along the x and y directions of the photothermal 
image, shown in Figure 36c and Figure 36d, respectively, correspond to black dashed 
lines in Figure 36a and red solid lines in Figure 36b. Although the adjacent beads cannot 
be distinguished from one another in the photothermal image, line scans along the x and y 
directions can clearly distinguish between adjacent beads. Detection of adjacent beads is 
validated by the optical image shown in Figure 36b. Line scans show the ability to 
distinguish between adjacent beads that appear to be as close together as 5 µm with high 
contrast. Compared to the Rayleigh criterion which requires the signal contrast to be 
 85 
above 30 %, the line scans demonstrate a strong signal contrast of over 70 %. This 
suggests that the ability to distinguish two adjacent beads with an apparent spacing of 
5 µm is only an upper limit of the resolving power that this photothermal imaging system 
can achieve. 
 These results serve as a preliminary estimate of the upper limit of the spatial 
resolution of this photothermal imaging system. Further studies based on these results are 
discussed in the following sections. 
 
 
5.4 Photothermal Imaging of Patterned PMMA 
 
Improving on the preliminary studies conducted on nylon beads (discussed above in 
section 5.3, a United States Airforce (USAF) resolution target from 1951 is imaged. The 
USAF resolution target pattern, shown in Figure 37a, is widely-accepted for testing the 
resolution of optical imaging systems. To fabricate the sample, a ~550 nm thick layer of 
poly(methyl methacrylate) (PMMA) is spin-coated onto a 1 mm-thick CaF2 window. 
Groups 6 and 7 of the USAF resolution target (corresponding to line widths between 
7.8 µm to 2.2 µm) were patterned into the PMMA layer by electron beam lithography 
using a Zeiss Supra 55 scanning electron microscope, creating a positive contrast imaging 
sample. The sample was fabricated by Le Li (Mesoscale Soft Matter Lab, Brown 
Research Group, Boston University). A schematic and optical image of the fabricated 
sample are shown in Figure 37b and Figure 37c, respectively. 
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This study was performed using experimental setup 3 (see section 2.1.3) with a 
pump power of 4.5 mW and a probe power of 1.3 mW incident on the sample. The pump 
wavenumber is kept constant at 1728 cm-1, corresponding to a wavelength of 5.8 µm, 
where the PMMA has a strong absorption peak. Figure 37d shows the photothermal 
signal as a function of the sample’s axial position with z = 0 being farthest from the 
objective lens. The photothermal images were captured by raster scanning the sample 
with a step size of 1 µm at the axial position where the maximum photothermal signal 
was observed. 
 
 
 
Figure 37. PMMA patterned with a USAF resolution target. (a) Schematic 
image of groups 6 and 7 from a 1951 USAF imaging target. Adapted 
from  [51]. (b) Schematic (not to scale) of the patterned PMMA on a CaF2 
substrate. The green bars correspond to areas where PMMA is present on 
the sample. For a positive contrast sample, as used here, the PMMA 
corresponds to the white bars shown in (a). (c) Optical image of the 
fabricated PMMA sample. (d) Photothermal signal as a function of axial 
position. Increase in the z value corresponds the axial position of a sample 
being closer to the objective lens. 
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The focus of this study is 1) to characterize the best spatial resolution that can be 
achieved by this photothermal system and 2) to understand the effect of the experimental 
parameters on spatial resolution. The three variables were studied: the incident pump 
power, the lock-in integration time, and the axial position of the sample. Increasing the 
pump power incident on the sample results in an increase in the laser-induced change in 
temperature within the sample. Too small of a change in temperature will result in a small 
thermal lens effect, too weak to be detected. Too high of a temperature change will 
increase the size of the thermal lens and reduce the spatial resolution. The lock-in 
integration time determines the time over which the signal from the photodetector is 
integrated in order to produce the photothermal signal. Too short of an integration time 
will result in a weak signal that may not capture the maximum induced photothermal 
signal and too long of an integration time will integrate over the part of the signal that has 
already started to decay. Finally, the effect of the axial position of the sample comes into 
play due to the chromatic aberration of the objective lens. Chromatic aberration of the 
objective lens means that the mid-IR pump wavelength will be focused at a distance 
further away from the objective lens compared to the focal point of the near-IR probe 
beam. The best spatial resolution can be expected for axial positions close to the focal 
point of the near-IR beam. The maximum photothermal signal is dependent on the 
overlap between the thermal lens and the probe beam, and is likely to be at an axial 
position between the two focal lengths where chromatic aberration may result in 
improved signal strengths compared to a photothermal system that is achromatic [52]. 
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5.4.1 Effect of Pump Power on Spatial Resolution 
 
 
Figure 38. Photothermal images measured at varying pump powers of 
(a) Ppump = 6.6 mW, (b) Ppump = 6.1 mW, (c) Ppump = 5.5 mW, and 
(d) Ppump = 4.1 mW. All images were recorded at the axial position where 
the maximum photothermal signal is observed. Comparing element 3 of 
group 7 (marked by white boxes) across the four images, the features in 
the image (b) are the most clearly resolved. Note that the scale bars span 
different ranges for each image. 
 
Figure 38 shows images recorded at varying pump powers of (a) Ppump = 6.6 mW, 
(b) Ppump = 6.1 mW, (c) Ppump = 5.5 mW, and (d) Ppump = 4.1 mW. Comparing the 
elements across all four images by eye, the image acquired at a pump power of 6.1 mW is 
able to best resolve element 3 of group 7. It may be intuitive to think that a since a higher 
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pump power corresponds to a stronger photothermal signal, the ability to resolve the 
features will also be improved. However, a larger change in the sample temperature can 
also correspond to the creation of a larger thermal lens, leading to thermal blurring 
effects. While the images in Figure 38 show that the spatial resolution is significantly 
worse when recorded at a pump power of 4.1 mW (Figure 38d) compared to the other 
images, the spatial resolution also appears to be optimized at a pump power below the 
maximum pump power available. Analysis of line scans across element 3 of group 7 
confirm that the image at a pump power of 6.1 mW provides the best signal contrast for 
distinguishing between adjacent features. 
 
 
5.4.2 Effect of Lock-in Time Constant on Spatial Resolution 
 
To determine the optimal lock-in integration time for obtaining the best spatial resolution, 
images were recorded at a pump power of 6.1 mW for varying lock-in time constants. 
Figure 39 shows the images recorded at lock-in time constants of (a) 140 ms, (b) 71 ms, 
(c) 47 ms, and (d) 36 ms. A clear trend showing improved spatial resolution with longer 
lock-in integration time is observed. Detailed comparison of the line scans of elements 1, 
2, and 3 of group 7 conclude that the best signal contrast (by a close margin) was 
obtained using a lock-in integration time of 71 ms. 
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Figure 39. Photothermal images recorded at and varying lock-in 
integration times of (a) 140 ms, (b) 71 ms, (c) 47 ms, and (d) 36 ms. 
Comparing the elements of group 7 across the four images, an integration 
time of 71 ms results in the best spatial resolution. 
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5.4.3 Effect of Axial Position on Spatial Resolution in a System with Chromatic 
Aberration 
 
 
Figure 40. Effect of axial position on spatial resolution. (a) Schematic (not 
to scale) showing the relative focal positions of the pump and probe beams 
due to chromatic aberration of the objective lens. Increasing z value 
corresponds to an axial position closer to the objective lens. 
(b) Photothermal signal strength as a function of axial position. The 
labeled arrows indicate the axial positions at which (c) image A and (b) 
image B were recorded. Both images were recorded at 6.1 mW of pump 
power and an integration time of 71 ms. Note that the scale bars for (c) 
and (d) correspond to different ranges. 
 
The effect of the sample’s axial position is demonstrated in Figure 40. A schematic of the 
chromatic aberration of the objective lens is shown in Figure 40a, where the focal length 
of the mid-IR pump beam is longer than that of the near-IR probe beam. The 
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photothermal signal strength as a function of axial position is presented in Figure 40b 
where an increase in z value corresponds to an axial position closer to the objective lens 
(as shown in Figure 40a). The photothermal images in Figure 40c and Figure 40d were 
both measured at a pump power of 6.1 mW and an integration time of 71 ms. Figure 40c 
(Image A) was recorded at an axial position where the maximum photothermal signal 
was found. The photothermal image in Figure 40d (Image B) was recorded at an axial 
position much closer to the objective lens. The difference in axial position between Image 
A and Image B is 65 µm. For reference, the Rayleigh range of the pump and probe beams 
are ~150 µm and ~30 µm, respectively. The ability to obtain a signal depends on the 
Rayleigh range of the pump beam (which excites the change in refractive index) as well 
as the overlap between the thermal lens and the probe beam Rayleigh range. However, 
the lateral resolution of the image is highly dependent on the probe beam size and 
therefore, the Rayleigh range of the probe beam. A comparison by eye, of elements 5 and 
6 of group 7 clearly concludes that the spatial resolution of Image B is better than that of 
Image A. Studies to vary the pump power and lock-in integration time were repeated at 
the axial position of Image B. Results show the same trends and conclusions as the 
studies conducted at the axial position of Image A.  
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5.4.4 Lateral Resolution of Photothermal Imaging System 
 
 
Figure 41. Line scan analysis of signal contrast  from (a) element 5 and 
(b) element 6 of group 7 and spacing between the PMMA features of 
(c) element 5 and (d) element 6 of group 7. Line scans from AFM of 
(e) element 5 and (f) element 6 of group 7 from the same sample after the 
photothermal studies have concluded. Signal contrast from of bot elements 
5 and 6 show that adjacent features can be clearly distinguished from one 
another, well beyond the Rayleigh criterion. A comparison of the distances 
between features as observed from the photothermal and AFM line scans 
show agreement with one another within the standard error. An upper 
estimate for the spatial resolution of the photothermal system of ~5 µm is 
demonstrated. 
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Analysis of the line scans of element 5 and element 6 from group 7 obtained from Image 
B (see Figure 40d) are presented in Figure 41a – Figure 41d. In these figures, the average 
photothermal signal across five line scans from each element is shown with error bars 
indicating the standard error. Figure 41a and Figure 41b show that the signal contrast for 
both elements 5 and 6, respectively, are much greater than 30 % (a threshold derived 
from the Rayleigh criterion). Hence, the adjacent features in these two elements can be 
considered to be well-resolved from one another. Figure 41c and Figure 41d show the 
spacing between each feature as determined from the photothermal line scans. AFM line 
scans of elements 5 and 6 are shown in Figure 41e and Figure 41f, respectively. AFM 
was performed by Le Li (Mesoscale Soft Matter Lab, Brown Research Group, Boston 
University) after the conclusion of photothermal studies. A comparison of the 
photothermal and AFM line scans show that features spaced ~5 µm apart can be clearly 
resolved from one another. Due to the large signal contrast observed in Figure 41a and 
Figure 41b, we believe that this is upper estimate of the spatial resolution of the 
photothermal system. Compared to the Abbe diffraction-limited spot size of 11.6 µm and 
3.2 µm for the pump and probe beams, respectively, experimental results show a lateral 
resolving power well below the Abbe diffraction-limited spot size of the pump beam and 
approaching the limit of the probe beam. 
 Additionally, the AFM line scan indicate that features as small as 1.5 µm can be 
detected by the photothermal system. Though the feature is broadened in the 
photothermal line scan, an investigation of the point spread function (PSF) of the 
photothermal system can shed insight on the definition that can be achieved [53,54]. 
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 Lastly, the AFM line scan show smaller PMMA features with larger spaces in 
between adjacent features compared to the original USAF target pattern. According to the 
original USAF target pattern, the features for elements 5 and 6 of group 7 are expected to 
be 2.46 µm and 2.19 µm in size, respectively. This, in combination with warping of the 
features, shown in Figure 42, indicate that some damage may have occurred to the 
sample. This may be due to the high laser-induced temperature within the PMMA 
sample, well beyond the melting point of PMMA — which created the change in 
refractive index needed for detection. Additionally, a slow decrease in sharpness of the 
features were observed as the photothermal progressed. This damage to the sample must 
be taken into consideration as this investigation continues. 
 
 
Figure 42. AFM images of PMMA patterned with USAF resolution target, 
group 7 element 6.  (a) 3D image and (b) bird’s eye view image shows 
melting and thermal damage to the sample. Height of the PMMA lines are 
not uniform and bars are not rectangular in shape. 
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Analysis of line scans show that features separated by distances as small as ~5 µm 
can be resolved from one another, indicating a resolution well below the Abbe 
diffraction-limited spot size of the pump beam of 11.6 µm.  
To determine the PSF of this photothermal imaging system, a single 2 µm 
melamine bead is imaged. For a given point object that is smaller than the size of the 
illuminated area (in this case the pump and probe beam waist), the PSF refers to the 
response of an imaging system to a point object. In this case, the same imaging 
parameters (such as lock-in time constant, xy stage step size, etc) used in previous 
imaging studies are used to determine the PSF of the photothermal imaging system. 
Photothermal image and line scans of the single bead, shown in Figure 43, indicate that 
the photothermal imaging has a PSF of 4.4 µm and 3.9 µm in the x and y directions, 
respectively. The photothermal image can be considered as a convolution of the size of 
the object itself and the PSF of the imaging system, hence the photothermal image shows 
a bead with a size of 4.4 µm and 3.9 µm compared to the manufacturer’s specifications of 
a 2 µm diameter. Due to the use of a relatively large step size of 1 µm compared to the 
size of the point object (2 µm in diameter), as well as the relatively large point object size 
compared to the probe beam waist (~3–4 µm), the values given here are an upper 
estimate of the PSF of the photothermal imaging system. 
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Figure 43. PSF of photothermal imaging system.  (a) Photothermal image 
of a melamine bead, 2 µm in diameter, recorded at 1581 cm-1. (b) and (c) 
show line scans from the photothermal image along the x and y directions, 
respectively. 
 
 
5.4.5 Summary on Imaging Resolution 
 
 In this section, the effects of various parameters (such as the lock-in time constant 
and the axial position) on the lateral resolution have been investigated. The interplay 
between signal strength and thermal lens size was explored when varying the pump 
power incident on the imaging target. An optimal pump power of 6.1 mW was 
determined for achieving the best spatial resolution. Similarly, the effect of the lock-in 
time constant was shown in section 5.4.2 where longer integration times resulted in 
improved spatial resolution. Perhaps the most surprising result is the dependence of 
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spatial resolution on the axial position of the sample. Here the best spatial resolution is 
not recorded at the axial position where the maximum photothermal signal is observed, 
but rather at an axial position closer to the objective. This is due to the chromatic 
aberration of the objective, where the probe beam focus is situated closer to the objective 
than the pump beam focal spot. This study clearly shows how the principles of 
photothermal spectroscopy can be utilized to improve spatial resolution. 
Additionally, the definition and resolution of the photothermal imaging system are 
characterized in section 5.4.4. Studies on a PMMA sample patterned with a USAF 
resolution target shows the ability of this imaging system to detect features as small as 
1.5 µm and resolve features spaced as small as 4.3 µm apart. The system has an estimated 
(upper limit) PSF of 4.4 µm and 3.9 µm in the x and y lateral directions. Compared to the 
Abbe spot size of the pump beam of 11.6 µm, it is clear that this system can perform sub-
diffraction limited imaging in the mid-infrared regime. 
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6. Photothermal Imaging of Biological Samples 
 
6.1 Image Co-registration between Photothermal and Optical Imaging 
 
Co-registration between wide-field optical microscope images and photothermal images 
are necessary for identifying features in a sample. To accomplish this, both objectives are 
mounted on a microscope (Eclipse Ti, Nikon) and can be illuminated by an external LED 
source. Wide-field images from both objectives can be captured using a CCD camera 
(DS-Fi1, Nikon), allowing co-registration between wide-field optical images and 
photothermal images. 
 
 
Figure 44.Co-registration between photothermal and optical microscopy. 
Wide-field optical images of a tumor sample obtained with a ZnSe 
objective (a and c) used for photothermal studies and an optical objective 
with 20x magnification (b and d). The ZnSe objective has a higher 
magnification than the 20x objective. (a) and (c) correspond to the areas in 
the red circle in (b) and (d), respectively. 
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Figure 44 shows co-registration of the images taken with a ZnSe objective (a and 
c) used in photothermal studies and a 20x optical objective (b and d). The 50 µm-thick 
tumor sample is illuminated by a white light LED source and the images are captured by 
a CCD camera. In Figure 44, (a) and (c) show images corresponding to the areas inside 
the red circles in (b) and (d), respectively. The yellowish tint observed in Figure 44a and 
Figure 44c are due to the ZnSe material. Wide-field images taken by the ZnSe and 20x 
objectives can be obtained sequentially by rotating the revolving nosepiece, switching 
between the two objectives. Although the z-focus needs to be re-adjusted when switching 
between the objectives, co-registration of the images is straightforward. The ability to co-
register the wide-field images is especially important for co-registration between the 
photothermal images and the optical images. 
 
 
6.2 Photothermal Spectroscopy & Imaging of Prostate Tumors Grown in Mice 
 
To demonstrate the capability for imaging of biological samples, photothermal studies are 
performed on a prostate tumor sample, targeting the amide-I band around 1660 cm-1. The 
tumor is grown from a subcutaneous inoculation of human prostate tumor cells 
(PC3-2G7) into nude mice. After an incubation period of 48 days, the tumor is fixed in 
formaldehyde and then sectioned to 50 µm thickness. The entire section is composed of 
tumor tissue. Each section is sandwiched between two CaF2 windows for photothermal 
studies. The tumor is provided by Junjie Wu (Biomedical Optical Technologies Lab, 
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Roblyer Group, Boston University). Fixation and sectioning of the tumor is conducted by 
Kelly Parsley (Gardner Group, Boston University). All data shown in this section were 
obtained from the same tissue section. 
 Figure 45 shows mid-IR spectra of the tumor tissue between 1590 cm-1 and 
1740 cm-1 obtained by FTIR (Figure 45a) and photothermal (Figure 45b) spectroscopy. 
The amide-I band is clearly resolved in both spectra and the spectra correspond well with 
one another. All photothermal spectra presented in this section have been renormalized to 
take the QCL gain curve into consideration. 
 
 
Figure 45. (a) FTIR and (b) gain curve-normalized photothermal spectra 
of 50 µm-thick prostate tumor tissue grown in nude mice. Both spectra 
show absorption of the amide-I band and correspond well with one 
another. 
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A photothermal image of the margin of a 50 µm-thick tumor section is shown in 
Figure 46a. The photothermal image is recorded using experimental setup 1 (see 
section 2.1.1) with 0.45 mW of pump power and 5.2 mW of probe power (MLL 
amplified by two EDFAs) incident on the sample. The QCL pump wavelength was tuned 
to the amide-I band at 1657 cm-1, shown in Figure 46b. The 300 µm by 400 µm 
photothermal image is taken by raster scanning the sample with a 1 µm step size. An 
optical image of the same area in the unstained tissue is shown in Figure 46b for 
comparison. The tissue outline and features observed in the photothermal image 
correspond well with the optical image [37]. The absence of tissue is observed in Figure 
46a as black regions, indicating the absence of photothermal signal. Areas with 
photothermal signal show contrast in the tissue not observed in the optical image [55]. 
 
 
Figure 46. (a) Photothermal image of 50 µm-thick prostate tumor tissue 
taken at 1657 cm-1 with 0.45 mW of pump power and 5.2 mW of probe 
power incident on the sample. The sample was raster scanned with a step 
size of 1 µm. (b) Optical image of the unstained tumor sample at the same 
position as shown in (a). 
 
 103 
A 1000 µm by 450 µm photothermal image of the tumor is shown in Figure 47a. 
The photothermal spectra shown in Figure 47b were taken at positions A (red circles), 
B (black right triangles), C (green up triangles), and D (blue squares) shown in Figure 
47a. Differences in the photothermal signal strength and spectral features are observed 
between the four positions in the sample. Although both the photothermal image and 
spectra were taken under dry air purge conditions, some residual water absorption 
remained. Water absorption lines were removed from the spectra shown in Figure 47b, 
based on simulated atmospheric water absorption from the Hitran database [56,57]. 
 Absorption of the amide-I band is linked to the stretching of the C=O bonds, 
which are involved in the secondary structure of proteins. Studies have linked the spectral 
features of the amide-I band to secondary protein structure in biological samples [19–23]. 
Differences in the photothermal spectra shown in Figure 47 demonstrate the sensitivity of 
photothermal spectroscopy to any spectral shifts or signal strength. This preliminary 
study shows promise in studying variations in protein concentration and conformation in 
a biological sample. 
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Figure 47. Photothermal image and spectroscopy of untreated prostate 
tumor grown in nude mice. (a) A 1000 µm by 450 µm photothermal image 
of recorded at 1657 cm-1 with 0.45 mW of pump power and 5.2 mW of 
probe power incident on the sample. (b) Photothermal spectra (with 
residual water absorption lines removed) recorded at positions A (red 
circles), B (black right triangles), C (green up triangles), and D (blue 
squares), as shown in (a). The difference photothermal signal strength at 
the different positions in (a) are reflected in the photothermal spectra in 
(b). Differences in photothermal signal strength and spectral shape are 
observed. 
 
Based on the spectrum obtained at position D (see Figure 47 and Figure 48), 
photothermal images were taken of the same area at four different wavenumbers. 
Photothermal images taken at 1625 cm-1, 1643 cm-1, 1657 cm-1, and 1735 cm-1 are shown 
in Figure 48b, Figure 48c, Figure 48d, and Figure 48e, respectively, with the same 
scaling. The red circles indicate position D on each image. The most noticeable 
difference is between the image obtained at 1735 cm-1, where no features are observed, 
and the images taken at the other wavenumbers. The highest maximum photothermal 
intensity is observed at the lower edge of images taken at 1643 cm-1 and 1657 cm-1. Small 
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differences in the intensity can be observed near position D, where concentric ovals are 
more clearly resolved at 1643 cm-1 and 1657 cm-1 than at 1625 cm-1. 
 
 
Figure 48. Hyperspectral images of an untreated tumor grown in nude 
mice. (a) Photothermal spectra of the tumor sample taken at the spot 
indicated in (b), (c), (d), and (e) by a red circle (corresponds to spot D in 
Figure 47a). To show the capability to perform hyperspectral imaging, 
photothermal images of the tumor sample taken at 1625 cm-1, 1643 cm-1, 
1657 cm-1, and 1735 cm-1 are shown in (b), (c), (d), and (e), respectively. 
Differences in the photothermal signal strength at different wavenumbers 
are observed. The white scale bars show 100 µm. 
 
The preliminary results of this photothermal study on a tumor section demonstrate 
the ability to perform label-free photothermal spectroscopy and hyperspectral imaging on 
biological samples and the ability to measure the spectral signature of tumor tissue. 
Differences in the photothermal spectra targeting the amide-I band suggests the potential 
for visualization of variations in the protein concentration and secondary protein structure 
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within a sample. These results show promise in using photothermal spectroscopy and 
imaging for characterization and detection of cancerous tissue within a biological sample. 
 
 
6.3 Photothermal Spectroscopy & Imaging of Untreated Brain Tumor Sections 
 
To demonstrate the ability of the photothermal technique to differentiate between 
cancerous and healthy tissue, tumor grown in mouse brain was studied. Orthotopic 
xenografts of the cell line GBM 108VEGFA were administered intracranially in mice. 
For the tumor studied in this section, the mouse was treated with a placebo for two hours. 
The mouse brain was frozen at -80 ˚C and sectioned to 30 µm thickness for photothermal 
studies and 12 µm thickness for optical microscopy. The 30 µm-thick section was 
mounted between two CaF2 windows. The 12 µm-thick samples were stained with 
hematoxylin and eosin (H&E) for optical contrast and mounted on glass slides. Both 
sections are approximately 9.4 mm by 3.4 mm in size with a surface area of 36 mm2. 
These samples were sectioned, mounted, stained, and imaged (optical) by Michael S. 
Reagan (Surgical Molecular Imaging Laboratory, Agar Lab, Brigham & Women’s 
Hospital). 
 To avoid thermal damage, photothermal spectra and images were recorded at low 
powers of 0.6 mW of pump power and 1 mW of probe power incident on the sample. 
Photothermal spectra and images were recorded using experimental setup 2 (see 
section 2.1.2). Figure 49a and Figure 49b show photothermal and FTIR spectra of an area 
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of the tumor in the 30 µm-thick section. Both spectra show absorption of the amide-I 
band. 
 
 
Figure 49. Mid-IR (a) photothermal and (b) FTIR spectra at a tumor site 
on the 30 µm-thick sample. Both methods clearly show absorption of the 
amide-I band. While they overall correspond well with one another, slight 
differences towards the long and short wavenumber regions are noticeable, 
which are currently investigated further.  
 
Figure 50a shows a 300 µm by 700 µm photothermal image of healthy and 
diseased tissue. Targeting the peak of the amide-I band, the image was taken at 1656 cm-1 
with a step size of 2 µm. Compared to a 12-µm thick H&E stained adjacent section, 
shown in Figure 50b, the images co-register well with one another and show contrast 
between tumor and healthy tissue. The optical microscope image of an adjacent section in 
Figure 50b was taken with a Zeiss Axio Observer.Z1 optical microscope at 16x 
magnification. 
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H&E staining of the sample provides contrast between the tumor and healthy 
areas in Figure 50b. Hematoxylin stains nuclei, resulting in a purple appearance where 
nuclei are present in the sample. Hence, the dark purple areas in Figure 50b show a dense 
population of nuclei, indicative of uncontrolled cell growth typically observed with 
tumors. In the photothermal image shown in Figure 50a, good contrast is observed 
between the tumor and healthy areas of the sample. For a step size of 1 µm in the 
photothermal imaging, the boundaries should be even more clearly visible. 
 
 
Figure 50. (a) Photothermal image of an unstained section showing 
healthy and tumor tissue. The 300 µm by 700 µm photothermal image was 
taken at 1656 cm-1 with a 2 µm step size. (b) Optical image of an adjacent 
section of the tumor shown at 16x magnification. The section was stained 
with H&E for optical contrast. Both images correspond well with one 
another and show the boundary between diseased and healthy tissue. 
Tumor tissue is identified in (a) by the low photothermal signal (compared 
to healthy tissue) and in (b) by the dark purple areas, indicating a high 
density of nuclei. 
 
To demonstrate the capability of the photothermal system for full spectroscopic 
characterization of the sample, mid-IR photothermal spectra were measured at three 
tumor sites (T1, T2, T3) and three healthy sites (H1, H2, H3). The photothermal spectra 
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are shown in Figure 51a at the locations shown in Figure 51b. The few sharp fluctuation 
dips observed in the photothermal spectrum correspond to residual water absorption. We 
observe differences in photothermal signal strength between tumor and healthy areas of 
the tissue. These results indicate differences in the protein network between tumor and 
healthy regions. The combination of photothermal spectroscopy and imaging shows 
potential for spatially resolved analysis of the protein network within cancerous and 
healthy tissue and to explore any protein connections in more detail. 
 
 
Figure 51. (a) Photothermal spectra from healthy and cancerous regions on 
the sample. (b) Photothermal image indicating sites where spectra shown 
in (a) were recorded. H1 (orange), H2 (red), and H3 (pink) are regions of 
healthy tissue. T1 (black), T2 (green), and T3 (blue) indicate areas within 
the tumor. 
 
A 200 µm by 450 µm photothermal image taken with a step size of 1 µm is shown 
in Figure 52a. The false color scaling is adjusted for dynamic contrast within the tumor 
region. Local hot spots and features are observed within the tumor, indicating the 
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potential for identifying structures within the cancerous tissue. For comparison, Figure 
52b shows an optical image of an H&E stained adjacent section. Corresponding spectra at 
three tumor sites (T1, T2, and T3) are shown in Figure 52c. Differences in spectral shape 
and signal strength are observed between the spectra recorded at T3 compared to those 
measured at T1 and T2. A line scan at the x = 39 µm position corresponding to the dotted 
green line in Figure 52a is shown in Figure 52d. The line scan shows strong contrast in 
the photothermal signal strength at the tumor edge. This offers the potential to study this 
transition region in more detail to determine margins associated with the tumor that could 
potentially be more pronounced spectroscopically than in stained images. Such a study 
would be of high relevance to minimize the incision regions for surgical removal of 
tumors. Integration of such a device into a portable configuration can clearly identify 
tumor regions and can thus help with localization of tumor tissue for further analysis. 
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Figure 52.Photothermal determination of tumor margins. (a) Photothermal 
image showing local hot spots and features within the tumor. The 200 µm 
by 450 µm image shown was taken with a step size of 1 µm. (b) Optical 
image of an H&E stained adjacent section. (c) Photothermal spectra at 
three tumor sites (T1, T2, T3) corresponding to locations indicated in (a). 
(d) Line scan at x = 39 µm (shown in (a) as a green dotted line) showing a 
transition region of ~ 30 µm between healthy and tumor tissue. 
 
 
6.4 Photothermal Spectroscopy & Imaging of Treated Brain Tumor Sections 
 
This section presents a study of a tumor grown in nude mouse brain treated with an MEK 
inhibitor. The brain was coronally sectioned to a thickness of 12 µm and mounted on a 
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CaF2 substrate. H&E staining was conducted after photothermal studies concluded.  
 Using experimental setup 2 (see section 2.1.2), photothermal spectra were 
measured by tuning the QCL wavenumber with a step size of 0.2 cm-1. Photothermal 
images were obtained by raster scanning the sample with a 1 µm step size. The QCL 
wavenumber was kept constant at 1656 cm-1, targeting the peak of the amide-I band. 
Photothermal spectra and images were measured at low incident powers, 0.9 mW of 
pump power and 1.3 mW of probe power. 
 
 
Figure 53. Photothermal imaging and spectroscopy of mouse brain. 
(a) Optical image of H&E stained mouse brain tissue. The following areas 
are denoted in (a) and (b): i) healthy neural tissue, ii) cancer tissue, iii) 
grey matter, iv) healthy neural fibers. (b) Photothermal spectra of the 
different tissue types as indicated in (a). (c) Photothermal image of the 
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area surrounding iii). (d) Optical image of the tissue section after H&E 
staining corresponding to the area shown in (c). 
 
Photothermal imaging and spectroscopy was performed on mouse brain tissue. 
Figure 53a shows an optical image of one hemisphere of the mouse brain after the H&E 
staining procedure. Optical images of the H&E stained tissue were imaged by Michael S. 
Reagan (Surgical Molecular Imaging Laboratory, Agar Lab, Brigham & Women’s 
Hospital) at 10x magnification using a Zeiss Observer Z.1 microscope and stitched 
together using Zen Blue Pro software. With the use of H&E staining, different tissue 
types within the sample can be identified: i) healthy neural tissue, ii) cancer tissue, 
iii) grey matter, iv) healthy neural fibers. Photothermal spectra measured at the various 
sites are shown in Figure 53b. A clear difference in the photothermal signal amplitude 
provides a quantitative measure for identification of each tissue type. 
Figure 53c shows a photothermal image of the area surrounding site iii). 
Photothermal imaging of area iii) indicates variation in the photothermal signal as 
observed in Figure 53b. The optical image of the corresponding area after H&E staining 
of the mouse brain tissue is shown in Figure 53d. A comparison of the photothermal 
image of the unlabeled section and the optical image of the H&E stained sample at area 
iii) shows clear differentiation between grey matter and healthy neural fibers. Local 
accumulation of amide-I rich structures are captured in the photothermal image and can 
provide additional insights into the tissue composition beyond the H&E staining. 
 Compared to optical images of the H&E stained sample, structural features can be 
captured and different tissue types can be differentiated based on intrinsic sample contrast 
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in the photothermal image. Distinct differences in the photothermal signal amplitude 
allow quantitative determination of the various tissue types. These results demonstrate the 
exciting pathway in which photothermal spectroscopy can be used for label-free and non-
destructive characterization of biological samples, especially for differentiation between 
various healthy tissue types versus diseased tissue. 
 
 
6.5 Photothermal Spectroscopy and Imaging of Glioblastoma in Nude Mice 
 
In this section, photothermal studies are conducted on tumors grown in nude mouse 
brain. Unlike the surgical approach, for most types of cancers, to resect beyond tumor 
margins to ensure that all of the tumor is removed, surgical removal of brain tumors aim 
to remove as little of healthy brain tissue as possible in order to limit neurological deficits 
to the patient. Hence, the ability to precisely determine tumor margins and differentiate 
between healthy and tumor tissue with high spatial resolution is much needed in the 
treatment of brain tumors. Here, we aim to demonstrate the potential of the photothermal 
technique in determining tumor margins of glioblastoma. 
A patient derived xenograft model of glioblastoma grow in nude mouse brain is 
studied. The mouse was treated with an injection of an intracranial vehicle. The 
intracranial vehicle is comprised of fluids that usually accompany drug delivery and in 
this case, injection of the intracranial vehicle acts as a control or placebo. The brain was 
coronally sectioned to a thickness of 12 µm and mounted on a CaF2 substrate. H&E 
 115 
staining was conducted after photothermal studies concluded. 
 Photothermal measurements were obtained using experimental setup 3 (see 
section 2.1.3). Photothermal spectra were measured by tuning the QCL wavenumber with 
a step size of 0.2 cm-1. Photothermal images were obtained by raster scanning the sample 
with a 1 µm step size. The QCL wavenumber was kept constant at 1656 cm-1, targeting 
the peak of the amide-I band. Photothermal spectra and images were measured at low 
incident powers, 0.9 mW of pump power and 1.3 mW of probe power. 
 
 
Figure 54. Glioblastoma grown in nude mice. (a) Photothermal and FTIR 
spectra of healthy region of a mouse brain. (b) Optical image of unstained 
mouse brain section used in photothermal studies. (c) Optical image of an 
H&E stained section (adjacent to the section shown in (b)) of the mouse 
brain. 
 
Photothermal and FTIR spectra of a healthy area within the mouse brain is shown 
in Figure 54a. An optical image of the unstained mouse brain section used for 
photothermal studies is shown in Figure 54b. In Figure 54c, an optical image of an H&E 
stained section, adjacent to the section shown in Figure 54b, is presented. As with 
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previous studies, the photothermal and FTIR correspond well with one another and 
absorption of the amide-I band is clearly observed in both spectra. 
 
 
Figure 55. Differentiation between tissue types in mouse brain.  (a) 
Optical image of H&E stained mouse brain section showing grey matter, 
neural fibers, and tumor. H&E staining was conducted after the 
completion of photothermal studies. (b) Photothermal spectra recorded for 
various tissue types within the sample. A clear difference in the 
photothermal signal strength and spectral shape allows for differentiation 
between neural fibers, tumor, and grey matter. 
 
 Photothermal spectra is obtained at various locations on the mouse brain sample. 
After conclusion of the photothermal studies, H&E staining of the sample was conducted. 
An optical image of the H&E stained tissue section used in photothermal studies is shown 
in Figure 55a (note that this is the same section as shown in Figure 54b. Photothermal 
spectra were recorded at three different locations on the mouse brain, corresponding to 
areas with healthy grey matter, neural fibers, and tumor. A clear difference in the 
photothermal signal strength of the amide-I band and in the spectral shape (note an 
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increase in signal strength near 1730 cm-1 for neural fibers compared to the tumor and 
healthy tissues) allows differentiation between the three tissue types. 
 
 
Figure 56. Photothermal and optical images of the mouse brain near the 
tumor margin are shown in (a) and (b), respectively. Tumor region shows 
a stronger photothermal signal compared to the healthy tissue. In the 
optical image of the H&E stained tissue, the dark purple areas correspond 
to tumor tissue. The two images show good co-registration with one 
another. 
 
 A 400 µm by 400 µm photothermal image was recorded at the tumor margin. 
Figure 56a and Figure 56b show co-registration between the photothermal image and an 
optical image of the section after H&E staining, respectively. As observed in Figure 55b, 
the photothermal signal strength in Figure 56a is higher in the tumor tissue compared to 
the healthy grey matter. Optical image of the H&E stained section confirms that tumor 
tissue, shown as dark purple areas, is observed on the right hand side of the image. 
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Figure 57. Determination of tumor margins. (a) Optical image of tumor 
margin after H&E staining. (b) Photothermal image at tumor margin. 
(c) Line scans from taken at positions indicated by dark green, dark blue, 
and light blue dashed lines in (b). (d) Photothermal spectra obtained at 
healthy, tumor, and border areas on the tissue. The corresponding 
locations where the spectra were recorded are shown in (a) and (b) as 
black circles for tumor, white circles for the border, and light green circles 
for healthy tissue. Both photothermal spectra and line scans show a clear 
increase in photothermal signal for tumor tissue compared to healthy 
tissue. A region of uncertainty is shaded in grey in both (c) and (d), 
indicating photothermal signal values that are observed in both healthy 
and tumor areas. 
 
 To investigate the ability of the photothermal technique to identify tumor margins, 
data from photothermal image, spectra, and line scans are compared to an optical image 
of tumor margin area after H&E staining. Figure 57a and Figure 57b show optical and 
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photothermal images of the tumor margin. Figure 57c shows line scans obtained from the 
photothermal image in Figure 57b. Locations of the line scans are indicated by dark 
green, dark blue, and light blue dashed lines in Figure 57b. Photothermal spectra recorded 
from tumor, border, and healthy regions are shown in Figure 57c. Location of the 
measured spectra are shown in Figure 57a and Figure 57b as black, white, and light green 
circles for tumor, border, and healthy regions, respectively. Photothermal spectra confirm 
that signal strength of the amide-I band is stronger in the tumor region compared to 
healthy regions. However, the signal strength from tumor and healthy areas show a small 
overlap with one another, indicated in Figure 57c and Figure 57d by grey shading. 
Results from the line scans show correlation with photothermal spectra results where an 
increase in photothermal signal strength is observed near the tumor margin and at the 
tumor region. 
 Even at this preliminary stage, the results shown in this section demonstrate the 
potential to use photothermal spectroscopy and imaging to identify tumor margins. This 
could lead to the ability to provide feedback to surgeons, improving the chances of a full 
resection without imparting undue damage to healthy tissue. This will both decrease the 
chances of recurrence and reduce the chance of neural deficits, overall leading to better 
patient outcomes. 
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6.6 Challenges in Working with Biological Samples 
 
Working with biological samples comes with a unique set of challenges not present in 
studies of chemical samples. Compared to chemical samples, biological samples tend to 
have 1) low sample absorption, 2) low thermal damage threshold, and 3) short sample 
viability period. 
 At the beginning of our venture into studying biological samples, sample 
thicknesses greater than 25 µm were necessary in order to achieve a strong enough 
photothermal signal strength to provide contrast. However, histopathology commonly 
uses tissue sections with thicknesses between 10 µm and 12 µm, corresponding to a 
single cellular layer. Optimization of the optical alignment to increase signal strength and 
improve signal contrast in the linear regime resulted in an increase in sensitivity and 
allowed biological samples as thin as 12 µm to be studied. 
 A second and obvious concern when discussing inducing temperature changes in 
biological samples is induced thermal damage to the sample. Compared to the 8CB liquid 
crystal sample which had repeatedly been excited to high temperatures, inducing phase 
transitions without damage, the thermal damage threshold of biological samples is much 
lower. To study the effect of pump power on biological samples, photothermal spectra of 
a biological sample were taken with increasing pump powers to determine the thermal 
damage threshold. 
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Figure 58. Thermal damage test for biological samples. Both (a) raw 
photothermal spectra and (b) gain curve normalized photothermal spectra 
show a change in spectral shape when the pump current is increased. 
 
 Figure 58a and Figure 58b show photothermal spectra of healthy tissue on the 
12 µm-thick tumor sample untreated tumor discussed in section 6.3. Due to difference in 
power at each wavenumber for a constant QCL current, the QCL current value is quoted 
instead of the pump power. Both raw and gain curve normalized spectra show changes in 
the spectral shape with increasing pump current. Unlike the nonlinear photothermal 
phenomena discussed in section 4, the spectral shape does not return to the same linear 
spectrum when the photothermal spectra is recorded after this thermal damage test. Since 
the amide-I band is linked to secondary protein conformation within the sample, this 
suggests that the temperature change induced within the sample was strong enough to 
alter the protein secondary conformation, which would imply that thermal damage has 
occurred within the sample (in the same way proteins are irreversibly denatured when 
cooking an egg). A look at the photothermal phase, shown in Figure 59, indicates that a 
change in the thermal properties of the biological sample has changed with an increase in 
pump current. Unlike the nonlinear studies conducted on 8CB liquid crystal where a 
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change in thermal properties is expected across phase transitions, studies of biological 
samples aim to preserve the properties of the biological sample during the investigation. 
Based on the information obtained through the thermal damage test demonstrated here, a 
safe incident pump current value is determined for each new biological sample type to 
ensure that no thermal damage occurs during photothermal studies. Thermal studies are 
usually conducted at both healthy and tumor sites since the absorbance at each tissue type 
may vary due to the difference in tissue density. 
 
 
Figure 59. Thermal damage test – a look at the photothermal phase 
spectrum. Increase in pump current corresponds to a change in the phase 
information. 
 
 Results of most thermal damage threshold tests show that the incident pump 
current that should be used for photothermal studies of biological tissues are very low, 
close to the lasing threshold of the QCL pump where the laser operation is noisy. Hence, 
polarizers were employed to allow operation of the QCL pump at high currents while 
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maintaining low incident pump powers on the sample (below the damage threshold) and 
maintaining the polarization of the QCL output. A comparison to the photothermal 
spectra of a PMMA sample recorded at QCL currents of 1000 mA, 800 mA, and 
1000 mA with polarizers is shown in Figure 60. The ability to reduce the photothermal 
signal strength by ~50 % through the use of polarizers without introducing noise or 
unwanted spectral features allows photothermal studies of biological samples to be 
conducted at QCL currents well above the lasing threshold, thereby reducing the pump 
laser noise for data acquisition. 
 
 
Figure 60. Demonstration of the use of polarizers to decrease incident 
pump power. Attenuation of the QCL pump current at 1000 mA with the 
use of polarizers result in a photothermal spectrum with the same signal 
strength as if recorded with a pump current of 800 mA. No additional 
noise or unwanted features are introduced through the use of polarizers. 
 
 One of the advantages of our technique for studying biological samples is the 
ability to study the tissue without the use of labels or fixation agents, allowing for the 
potential to study native protein conformation. In order to successfully do this, rate of 
sample degradation and sample viability period needs to be known. Our collaborators at 
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Brigham & Women’s Hospital recommend completing any studies on the sample within 
24 hours. After doing a time-dependent FTIR study on a biological tissue section, no 
changes were observed in the linear mid-IR spectrum after 24 hours. To be safe, 
photothermal studies are conducted within a 24 hour time frame. The biggest observed 
change in the sample is a drying out of the sample leading to shrinkage and introduces 
tears into the sample. This may be due to the fact that photothermal studies are conducted 
under dry air purge (below 2% humidity). After 24 hours, a significant loss in water 
content in the biological samples is observed and can be most clearly seen in the H&E 
stain (which shows a much darker hue than usual). To date, dehydration of the sample 
has not been shown to negatively affect the photothermal results nor diminish the validity 
of the findings. 
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7. Outlook 
 
7.1 Improvements to the Photothermal System 
 
7.1.1 Acquisition Speed 
 
An important aspect of developing a spectroscopy and imaging technique is the speed of 
data acquisition. The one fundamental limitation on speed which cannot be surpassed is 
the time required for the thermal lens to develop. This parameter is intrinsically related to 
the thermal diffusivity of the material. 
Currently, the system acquisition speed is limited by the lock-in time integration 
time required to capture the photothermal signal. Due to system optimizations, the current 
signal strength is expected to be strong enough to be detected without the use of a lock-in 
amplifier. One method to circumvent the use of a lock-in amplifier is to use a high-Q, 
narrow band pass amplifier, as recently demonstrated by Zhang et al [28]. While this 
technique would serve to speed up both spectrum and image acquisition times, other 
methods, such as switching to synchronized raster-scanning of the two laser beams (with 
the use of mirror galvanometers) can also be implemented to increase imaging speed. 
The photothermal technique can also be strengthened through the use compressed 
sensing to increase the spectral range by acquiring spectra at multiple wavelengths at the 
same time. This can be accomplished without increasing the acquisition time by 
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modulating multiple pump lasers at different frequencies (that are not harmonics of one 
another) and using a lock-in amplifier to isolate each of those signals. 
 
 
7.1.2 Signal Contrast 
 
Although significant increase to the signal contrast have been achieved through 
optimization of the fiber laser probe (as discussed in section 3) and optical alignment, 
there are a few other methods which can be implemented to further improve signal 
contrast. One of these methods is to reduce the intensity of the transmitted part of the 
probe beam, which provides a DC background on which the AC signal (the forward 
scatter) is detected. This can be done through the use of aperture obstruction targets (ie. a 
reverse pinhole where only the center of the beam is blocked). However, if we block the 
entire transmitted beam, the optical heterodyning effect (which is crucial to measurement 
of the photothermal signal) would be lost. Hence, some of the transmitted beam must be 
transmitted allow detection of the photothermal signal. 
 Additionally, background subtraction of the probe beam can be achieved through 
the use of a balanced detection technique. This method requires synchronization with the 
pump beam in conjunction with either 1) a mirror galvanometer or 2) an optical setup 
which requires two precisely identical beam paths (with the exception of the sample). 
Such a setup would decrease the photothermal background signal and significantly 
improve the signal contrast of the system. 
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 It is important to note that signal contrast has a significant impact on acquisition 
speed. The higher the signal strength, the shorter the integration time can be. With a 
strong enough photothermal signal strength, video-rate imaging would be possible with 
this system (provided that the sample under investigation has a relatively high thermal 
diffusivity – ie. a short thermal time constant). 
 
 
7.1.3 Spatial Resolution 
 
One of the main advantages of the presented photothermal system is the ability to acquire 
mid-IR images with sub-diffraction limited spatial resolution. As previously mentioned, 
the spatial resolution of the photothermal system is limited by the overlap between the 
thermal lens and the probe beam waist. In the case where the induced thermal lens is the 
smaller or equal to the diffraction-limited spot size of the probe beam, this technique is 
still diffraction-limited (by the probe beam, not the pump beam). Hence, switching to a 
shorter wavelength probe beam may significantly improve the spatial resolution of the 
system. The main challenge to this method is in finding optics that are suitable for both 
pump and probe wavelengths. Other challenges include finding low-noise laser sources at 
lower wavelengths to maintain the high signal contrast that has been achieved in this 
system. One way to circumvent the issue of finding optics compatible with pump and 
probe wavelengths (with manageable loss) is to utilize two separate objectives for the 
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pump and probe wavelengths. This also allows optimization of the signal contrast by 
adjusting the relative lateral and axial positions of the two beams [52]. 
 
 
7.2 Continuation of Nonlinear Photothermal Studies 
 
The novel nonlinear effects described in section 5 show potential for a new regime of 
sample characterization. So far, mid-IR spectroscopy has proven to be a powerful tool in 
delivering molecular bond-specific characterization. However, few methods exist that can 
provide isomer-specific characterization. Due to the difference in the molecular structure 
of isomers, their thermal characteristics may differ. Thus, isomers may exhibit nonlinear 
photothermal phenomena unique to each isomer itself. In particular, this would be of 
great interest to the oil and gas industry where characterization of olefins is much sought 
after. 
 
 
7.3 Biological Studies 
 
The biomedical imaging studies presented in this thesis have been focused on 
demonstrating the capability of photothermal spectroscopy to successfully acquire 
meaningful spectra and images of biological samples without inciting damage. The 
results show promise for developing the photothermal technique in the mid-IR as a 
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diagnostic tool for biomedical applications. The next steps for such applications would be 
to determine the sensitivity and specificity of this technique for detecting specific 
diseases and tissue types. Studies on new tissue types would be advantageous in finding a 
niche in which the photothermal technique can be most impactful. Additionally, thorough 
investigation linking photothermal results with clinical relevance is needed in order for 
the technique to develop beyond its infancy.  
 Our collaboration with the Agar research group at Brigham & Women’s Hospital 
will be crucial in developing the clinical relevance of the photothermal findings. By 
comparing photothermal results to those obtained from Raman spectroscopy and mass 
spectrometry (both of which are mature investigative techniques within the biomedical 
field), a better understanding of what new information photothermal spectroscopy and 
imaging can provide. Additionally, combining the complementary information from each 
of these techniques can validate the photothermal results as well as potentially provide 
further insight into understanding the different diseases investigated.  
 In regards to the tissue types that have been investigated in this thesis, further 
analysis in data interpretation for clinical relevance is much needed. For instance, 
developing a quantitative measure to distinguish between healthy and tumor tissue types 
for determination of tumor margins would be extremely exciting for the biomedical 
community. Moving to more advanced analysis techniques such as principle component 
analysis to distinguish between tissue types or deconvolution techniques to determine the 
secondary protein conformation from the amide-I band spectral shape could lead to better 
understanding of disease development. 
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 Due to the tuning range of the QCL pump laser, the current photothermal system 
limits research to investigation of the amide-I band. In order to develop this technique to 
be competitive with other mid-IR methods, it would be beneficial to investigate other 
spectral ranges which may contain signatures of other biological components of interest 
such as lipids, ribonucleic acid (RNA), and collagen. Studies have shown that 
investigation of the ratios between lipid, RNA, and protein bands can lead to 
differentiation between different cancer cell lines [58].  
 Due to the ability of the photothermal technique to provide spectral classification 
in combination with spatial information through hyperspectral imaging modality, it 
would be possible to study the effect and penetration of administered drugs – ie. where in 
the tissue is the drug present and what is the efficacy of the drug? 
 Finally, it is prudent to note that when working with in-vivo or fresh ex-vivo 
samples, water absorption will be present within the sample. Since water absorption is 
relatively high in the near-IR region compared to the visible region, development of a 
suitable probe laser (as discussed in section 7.1) at visible wavelengths where water 
absorption (as well as any other possible intrinsic absorption within the sample such as 
hemoglobin) is minimized is highly desirable. 
 These proposed future steps in developing the photothermal technique as a 
diagnostic tool for biomedical applications will rely heavily on a cross-disciplinary 
collaboration. Improvements to the photothermal system as discussed in section 7.1 will 
be vital in developing this technique to be competitive with the current gold standard 
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(histopathology) as well as other well-established mid-IR techniques such as Raman 
spectroscopy and FTIR. 
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